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Abstract 
 
T cells use their highly variable T cell receptor (TCR) to engage major histocompatibility 
molecules (MHC) presenting peptides on the surface of antigen presenting cells during an 
immune response. The TCR repertoire of developing T cells is shaped by thymic selection, 
resulting in a self-tolerant and foreign peptide specific naïve T cell population. However, naive T 
cells are alloreactive and generate immune responses towards foreign MHC alleles in clinical 
settings involving transplantation. While T cell immune responses towards foreign pathogens are 
peptide specific, the overall specificity of allo-responses is still debated.  
Under normal circumstances, immune system homeostasis and self-tolerance is 
maintained by specialized natural T regulatory cells (nTregs) that develop in the thymus. nTregs 
respond to self-peptide MHC they encountered in peripheral tissues with immune-suppressive 
activities. However, the identify of self-peptides that stimulate nTregs, specificity towards these 
self-peptides, and the method nTreg TCRs engage self-peptide MHC molecules is not clear. 
Here, we built a library of defined MHC-linked self-peptides eluted from the I-Ab MHC 
molecule to screen alloreactive T cells and self-reactive nTregs for activating self-peptides. We 
used this library to show that negative selection shapes the TCR repertoire’s specificity to self-
peptides. We also provide evidence that alloreactive T cells have degenerate self and foreign 
peptide recognition if the foreign MHC allele is largely different from the host’s MHC allele. 
Finally, we identified a self-peptide that activates an nTreg, and present protein crystal structures 
that reveal its TCR engages self and foreign peptide MHC complexes via fairly conventional 
mechanisms. 
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Chapter I: Introduction 
 
Many organisms, from mammals to bacteria, have evolved unique systems to 
combat foreign insults. The immune system utilized by humans and other mammals arose 
in a common ancestor shared by jawed vertebrates over 500 million years ago and has 
been subject to much scientific investigation over the past century1. In mammals, the 
immune response can be sub-divided into innate and adaptive responses. The innate 
immune response is a rapid primary response against pathogens, and typically occurs 
shortly after protective barriers are breached. Innate immune cells recognize common 
patterns shared by many pathogens and respond by promoting inflammation and 
secreting cytokines2. Should infection persist, innate immune cells also play an important 
role in recruiting the more specialized immune cells that make up adaptive immune 
responses.  
 
Adaptive Immunity 
Unlike expedient innate immune responses, adaptive responses can take five to 
six days to ramp up3. T cells are an important player in this adaptive immune response. 
Each T cell expresses unique and diverse T cell receptors (TCR). T cells use their TCRs 
to engage Major Histocompatibility (MHC) molecules presenting peptides on the surface 
of antigen presenting cells (APCs). Sustained TCR stimulation from pathogen derived 
antigens with additional costimulatory signals causes T cells to become activated and 
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carry out immune functions such as cytokine expression, cell mediated killing and 
enhancement of other immune functions. Once activated, T cells can actively fight 
infection until it is cleared3–5.  
The adaptive response is considered highly specific because T cells can 
differentially recognize small, unique, peptide epitopes from a processed protein antigen 
on MHC molecules. This antigen specificity is maintained over long periods of time due 
to the development of immunological memory cells that can rapidly respond to 
reinfection with the same antigen. Additionally, T cells undergo a very stringent selection 
processes where cells with high specificities to self-antigens are purged from naïve T cell 
population. This ability for T cells to differentiate foreign antigens from self-antigens is 
an essential function of the adaptive immune response. 
 
T cell Receptors and T cell Development 
T cells initially develop from the hematopoietic stem cells found in bone marrow. 
Unlike B cells which remain in the bone marrow for their development, T cell precursors 
traffic to the thymus where TCR rearrangement occurs. After successful rearrangement, 
the cells undergo a strict selection process and emerge as naïve T cells that circulate in 
peripheral lymphoid tissues, surveying for foreign peptides. 
Foreign antigens are composed of many potential different combinations of amino 
acids. MHC molecules also are highly polymorphic between alleles and are capable of 
binding many different peptides6–8. T cells must be able to specifically distinguish 
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between combinations of these diverse peptides presented on different MHC alleles in 
order to generate effective, specific immune responses. The repertoire must also 
accommodate for mutations in pathogen epitopes that may change the peptides presented 
by MHC (particularly in viral infections). Because of this, a large and diverse repertoire 
of TCRs with different peptide specificities is essential to protect the host.  
 TCR diversity is generated early during T cell development. The conventional αβ 
T cell receptor is a protein heterodimer composed of a TCRα chain and a TCRβ chain. As 
a T cell matures in the thymus, it begins to rearrange the DNA portions of encoding its 
TCRβ and TCRα chains with via a process called V(D)J recombination. Each resulting 
TCR chain has three complimentary determining regions (CDRs) made up from these 
rearranged V, D, and J DNA segments. When the TCRα and TCRβ chains pair, the result 
is 6 total variable CDR domains. These CDRs are used to establish contacts with amino 
acid residues of the MHC molecule as well as the peptide it presents. Thus, the vast 
diversity of the TCR repertoire is generated 1) within individual T cell receptor α and β 
chains via a process known as V(D)J recombination and 2) combinatorially through 
different TCRα and TCRβ pairings9.  
The process of V(D)J recombination and TCR pairing can theoretically result in 
1015-1020 different receptor combinations9. After successful rearrangement of its TCR, 
the developing thymocytes undergoes a process known as thymic selection to cull cells 
with receptors that generate either poor or over productive signals against self-peptide-
MHC molecules. Due to the stringency of thymic selection and inability of an organism 
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to support this many T cells, the naïve TCR repertoire narrowed down to just a small 
fraction of the theoretical combinations10,11. 
Thymic Selection 
Thymic selection is a stochastic process that shapes the emerging T cell 
repertoire12. It is thought to be compartmentalized to different regions of the thymus 
where dedicated subsets of APCs present self-peptide-MHC molecules to developing 
thymocytes12. The entire selection process is highly dependent on the TCR combinations 
expressed by the developing thymocytes. The TCR repertoire found in CD4+CD8+ double 
positive (DP) thymocytes that have not undergone selection is different from repertoire of 
naïve, CD4+ or CD8+ only single positive (SP) repertoire.  This is because vast majority 
of auditioning thymocytes are eliminated during T cell development11. It is estimated that 
half to two thirds or more of positively selected cells are subsequently deleted during 
negative selection10. 
 
Positive Selection 
Not every TCR combination exists in the naïve T cell repertoire. In order for a 
typical TCR to productively signal, it must have a TCR combination that allows for 
interaction with a peptide-MHC molecule. Positive selection is the first stage in this 
process, but there is evidence that both positive and negative selection are independent 
processes that occur simultaneously during T cell development13.  
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During positive selection, thymocytes interact with pMHC expressed by cortical 
epithelial cells (cTECs) in the thymus. T cells with receptors incapable of productive 
signaling die from neglect whereas ones that are capable enter the next stage of the 
selection process. This eliminates TCRs that that do not establish contacts with amino 
acid residues of a pMHC allele. If all MHC molecules are deleted, T cells found in the 
thymus are locked at the CD4+CD8+ DP stage of development as they unable to undergo 
positive selection. However, during normal thymic selection, double positive thymocytes 
segregate into CD4 or CD8 SP populations based on which MHC molecule class allows 
for productive signaling. 
 
Negative Selection 
Negative selection is the step in T cell development often associated with the 
elimination of overtly self-reactive and cross reactive T cells from the naïve T cell 
repertoire. One experiment used to demonstrate this was the addition of a neo self-peptide 
under control of thymic expression. If the neo self-peptide was expressed, there was 
failure of CTLs specific for the peptide to form14. In this case, the cells that were 
expressing the neo self-peptides were medullar thymic epithelial cells (mTECs)14. 
Negative selection is generally mediated by these mTECs.  
An important tolerogenic feature of mTECs is their ability to express a unique 
transcription factor called Autoimmune Regulator (AIRE)15. This transcription factor 
allows mTECs to transcribe what are normally tissue restricted self-proteins and presents 
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both peptides derived these proteins as well as non-tissue restricted peptides derived from 
the process of macroautophagy on their MHC molecules12,15. Most thymocytes with 
TCRs that are strongly activated by self-peptides are eliminated, thus protecting the host 
from T cells that could eliciting an immune response against ubiquitous self-peptides and 
tissue restricted antigens16. Thus, T cells that survive negative selection emerge from the 
thymus and begins to circulate the blood, lymphatic system, and non-lymphoid tissues as 
a naïve, conventional T cell17. 
 
 
MHC Restriction 
During the process of T cell development, T cells are said to become MHC 
restricted. This means that naïve T cells express TCRs that are capable of specifically 
responding to MHC molecules presenting linear foreign peptides. The basis of MHC 
restriction has two disparate perspectives: TCRs have germline encoded MHC 
recognition capabilities or that MHC specificity is extrinsically imposed during thymic 
selection. 
The germline hypothesis proposes that MHC recognition is intrinsic to αβTCR 
structure and is encoded in the germline residues of the receptors18–22. Specifically, the 
amino acid residues found in the CDR1 and CDR2 loops of the T cell receptor predispose 
a TCR to bind MHC19,23,24. All TCRα and TCRβ V gene family combinations are used to 
create MHC I or MHC II specific TCR combinations25. This means that the same TCRα 
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and TCRβ chains are typically capable of binding both highly polymorphic MHC class I 
and MHC class II proteins. Despite this, there is a bias for some TCRα chain V regions to 
skew a TCR combination towards reacting with MHC I or MHC II (and therefore shift 
the T cell towards a CD4 or CD8 phenotype)26. The ratio CD4 and CD8 T cell repertoire 
also varies between different strains of mice with the TCRα chain being a locus that 
contributes to the phenotypic differences27. This evidence argues that there are built in 
biases towards specific MHC molecules with the T cell receptor germline regions. 
There is also structural evidence that supports the germline theory. Four different 
TCRs expressing a Vβ8.2 germline encoded region, interact with the MHC II  I-A family 
α chain in very similar conformations using the same four germline encoded amino acid 
residues19. The same study also found that aromatic residues within the CDR2β of some 
TCRs may be used for interactions with a variety of MHC alleles19. Another study 
looking at highly cross reactive Vb8.2 containing TCRs also pinpointed Tyr48 and Glu54 
as major contributors in the CDR1b-CDR2b interface with the I-Ab MHC molecule21. 
This does not mean that the TCR germline encoded amino acids used to contact 
all MHC molecules are the same. The 2C TCR (also Vb8.2) can utilize different binding 
modes to associate with both H-2Ld and H-2Kb despite similarities in their MHC 
helixes28. Evidence like this leads to a “codon hypothesis” which suggests that a given 
TCRV region can select from multiple codons of germline encoded amino acids to 
associate with a given MHC molecule for the lowest energy interaction24. Interestingly, 
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the CDR3 sequences of a TCR as well as the peptide bound by the MHC molecule may 
play a role in shaping which “codon” interacts with the MHC molecule29–31. 
Other groups argue that MHC restriction is extrinsically imposed upon the T cell 
by the CD4 and CD8 co-receptors and the developing T cell’s requirement for co-
receptor bound, phosphorylated Lck during development32–34. Without Lck, the numbers 
of T cells that reach the CD4+CD8+ development stage are dramatically reduced and 
TCRα chain rearrangement is disrupted34. Another group argues that the large diversity of 
amino acids found within CDR1 and CDR2 regions of TCRs as well as the capability to 
still bind MHC after extensive mutagenesis or artificial replacement of germline-encoded 
regions goes against the germline-encoded hypothesis35. If there are germline encoded 
residues, this mutagenesis should be detrimental to TCR-pMHC interactions. Further 
evidence that suggests MHC specificity is not inherent to a TCR comes from a mouse 
model where both the co-receptors and MHC are deleted. In this system, T cells emerge 
with TCRs that have antibody like recognition and have no requirements for MHC for 
their activation32. This implies that TCRs would behave like antibodies were it not for 
events that occur during T cell selection. 
Germline encoded amino acids may have evolved as a result of co-receptors 
imposing steric requirements upon the TCR, constraining TCR-pMHC interactions in 
order to provide Lck for phosphorylation31,33. This perspective attempts to bridge the two 
ideas by suggesting both germline encoded residues and steric signaling requirements are 
both involved in MHC restriction. However this does not explain which arose first. 
Whether germline encoded amino acids arose independently of the requirements for co-
9 
 
receptors and Lck in the thymus or evolutionary pressures selected for and maintained 
these amino acids because of co-receptors is still up for debate. However, this evidence 
suggests that both contribute to MHC restriction of T cell receptors. 
 
MHC Molecules and Antigen Presentation 
MHC molecules are a critical component to the adaptive immune response 
because they are responsible of presenting antigen targets for T cell TCRs. MHC 
molecules can be divided into two major categories: Classical and Non-classical. The two 
classical MHC molecules are MHC class I (MHC I), recognized by CD8+ T cells, and 
MHC class II (MHC II), which is recognized by CD4+ T cells. Non-classical MHC 
molecules such as the NKT cell target, CD1d, are expressed on some antigen presenting 
cells and can bind lipids or sugars36,37. MHC I proteins are expressed by most nucleated 
cell types whereas MHC class II proteins are typically expressed on more specialized 
APCs of the immune system such as macrophages, dendritic cells, and B cells.  
The classical MHC molecules are protein heterodimers that assemble in vesicles 
and cycle to the cell surface. MHC I consists of a main MHCα chain that non-covalently 
associates with beta-2-microglobulin (B2M). The peptide binding pocket of class I 
molecules is entirely encoded within this MHCα chain. MHC II molecules consist of a 
MHCα and MHCβ protein that both contribute to an open ended peptide binding pocket. 
Individual peptides are non-covalently bound in a MHC peptide binding pocket via 
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anchor residues and can diffuse out or even be out-competed by higher affinity peptides 
during this process38.  
MHC Class I and MHC Class II molecules are traditionally thought to be loaded 
with peptides derived from intracellular peptides and extracellular peptides respectively. 
During steady state, these peptides would come from self-proteins processed by the cell’s 
internal proteasome.  During infection, a portion of the peptides would be derived from 
processed foreign antigens. However, this separation of peptide sources to only one class 
of MHC is not that accurate. A phenomenon of cross presentation is prevalent in some 
dendritic cells and other cell types and can allow extracellularly derived peptides to be 
presented on MHC I molecules39. Additionally, autophagy can result in the loading of 
intracellular derived peptides from nuclear and cytosolic onto MHC II molecules40.  
 
MHC Polymorphism 
MHC molecules are some of the most polymorphic genes expressed and 
maintained in vertebrate populations6–8. In theory, this polymorphism may be essential in 
case a pathogen emerges which result in alleles presenting antigens that only elicit a poor 
immune response or negatively affect the outcome of infection41. On an individual level, 
organisms with heterozygous MHC alleles have reduced pathogenicity of bacterial and 
viral infections as well as the potential for enhanced T cell responses41,42. On a population 
level a more diverse MHC repertoire can result in greater survival to an infectious disease 
or parasite41.  
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Some alleles of MHC can differ by many different amino acids (34 in the case of 
H2-Ld and H2-Kb while others differ by only one or two8,43. Often times, these 
polymorphisms are found near the peptide binding pocket of the MHC molecule. 
Changes in the hydrophobicity, geometry, and charge distribution within the binding 
pocket by these polymorphisms can alter the amino acid composition of the peptides that 
the MHC molecule can bind. Differences between alleles can lead to the presentation of 
many different potential peptide antigens. Interestingly, some polymorphisms may 
increase risk of autoimmune diseases due to an alteration self-peptides being presented44. 
For example, MHC allotype is the highest risk factor for the development of Type I 
diabetes45. Other amino acid difference between alleles are located in the helixes of the 
MHC molecule and may be in locations contacted by the organisms T cells and may not 
alter peptide repertoires significantly. In either case, these differences alter what T cells 
are selected to enter the naïve repertoire and what T cells become activated during an 
immune response. 
 
Presentation of peptides on MHC II molecules 
MHC class I and MHC class II molecules have very different peptide binding 
properties that results in distinct peptides being presented between them46. The peptide 
binding groove in MHC class I molecules is closed at both ends, only allowing for short 
peptides from 8-14 amino acids in length47. Because of this closed groove and the fixed 
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binding of N-terminal and C-terminal residues of the peptide, longer peptides tend to 
bulge from the center of the pocket to varying degrees depending on their length47–49.  
MHC II molecules have an open ended peptide binding grove, allowing for a 
peptide that can protrude from either end. In some cases, the peptides bound by MH CII 
can be upwards of 25 amino acids in length in both mice and humans50,51. Additionally, 
the binding pockets of MHC II alleles appear to have less stringent requirements for 
peptide anchor residues than MHC I alleles, allowing a broad assortment of peptides of 
different lengths and amino acid compositions to be presented8.   
Despite the potential for long peptides, generally only 9 amino acids are typically 
contained within the MHC binding groove at the TCR-pMHC II interface49,52. Of these, 
only a portion of the amino acids’ R groups within the peptide are oriented up towards 
solvent and are TCR accessible. For example, peptides presented by the mouse I-Ab 
MHC allele typically have 5 upwards-facing amino acids that can be important contacts 
for T cell interactions53. 
 
TCR-pMHC interactions 
The basis of cell mediated immunity is the specific interaction between the TCR 
of a T cells and the pMHC presented by APCs. This engagement can direct cytotoxic T 
cells to kill target cells or drive helper T cell functions to enhance other adaptive immune 
processes. While there are other direct and indirect interactions between cells that help 
shape the cell mediated response such as co-receptor and cytokine signaling, this TCR-
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pMHC interaction is essential under normal circumstances and is the subject to much 
structural research.  
 
Structures of TCR-pMHC complex  
The first structure of a TCR bound to a peptide MHC complex was published in 
1996. The 2C T cell receptor was shown bound to the MHC class I molecule H2-Kb 
presenting the dEV8 peptide and has become a model TCR for a multiple studies54. A 
few years later, a structure of the D10 TCR bound to the MHC class II allele I-Ak was 
solved55. Despite major differences in TCR sequences between  2C and D10 and major 
differences between the MHC alleles bound, there was no major difference in the overall 
orientation of TCR binding to either pMHC55. Both receptors docked diagonally with 
MHC in what is now considered the conventional binding orientation: The TCRα and 
TCRβ were positioned over the MHCIIβ and MHCIIα respectively or in the case of MHC 
I, α2 and α1 helix respectively. This also means that despite having different effector 
functions, CD4+ and CD8+ T cell TCRs bind pMHC in generally the same way.  
Since the first structures were published, many other TCR-pMHC complexes 
have been solved. These include the TCRs of conventional T cells, Autoimmune T 
Cells56,57, Cross reactive and Alloreactive T Cells18,19,28,58, and iTregs59 and others60. 
These structures have allowed many general rules to be elucidated with regards to how a 
variety of T cell TCRs interact with many different pMHC complexes60,61. 
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Conventional Docking and Orientation 
T cells typically bind in the same orientation despite a wide range of potential 
docking angles. In the case of MHC class II, the TCR engages diagonally with the TCRα 
positioned over the MHCβ and the TCRβ positioned over the MHCα. This general 
docking orientation is thought to be imposed by either germline contacts or the events 
that occur during the T cell selection process as described in the MHC restriction section 
above19,23,24,32–34. The variable region docking range of angles that reported TCRs bind 
MHC class I is 37-90º while the range of angles of TCRs binding MHC class II is a bit 
broader: from 44-115º 60. These ranges demonstrate flexibility in TCR recognition, but 
binding extremes and the ends of the angles beyond these may correspond to weaker 
stimulus due to poor signal transduction, even if binding affinity is comparable to 
positive agonists31,49,62.Topologies at the extremes of these ranges are also sometimes 
taken up by autoreactive or cancer specific T cells and will be further elaborated upon 
below56,63,64. 
 
CDR Loop Positioning 
Each recombined TCRα and TCRβ chain contain three, flexible loops of amino 
acids called complementary determining regions (CDRs) that are positioned in the 
binding interface with the pMHC molecule. Fundamentally, the peptide MHC interface 
could be thought of as a single unit that the TCR surveys, and the flexible CDR loops 
associate with the interface in a manner that best fits24. The CDR1 and CDR2 loops of the 
TCRα chain are typically positioned over the MHC class I α2 helix or the MHC class II 
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β1 Helix. Any interactions made with the peptide by these loops are typically located 
towards the N terminus. The CDR1 and CDR2 loops of the TCRβ chain are positioned 
over the MHC class I α1 helix or MHC class II α helix with any peptide contacts directed 
more towards the C terminus. Since these loops are germline encoded and not modified 
during V(D)J recombination, it is hypothesized that they are biased for recognition of the 
MHC molecule20. There is plenty of evidence of conserved contacts found between these 
loops and various MHC molecules that supports this argument19,21,23,24. 
In contrast the CDR3 loops are the most variable portion of the T cell receptor 
due to V(D)J recombination. Because of this, they would be ideal for interactions with 
the sheer enormity of potential peptides that can be presented by MHC molecules. This is 
supported by the fact that these loops are often found right over the center or slightly 
closer to the C terminal of the peptide displayed by the MHC molecule and make less 
conserved contacts with MHC61. Despite this, the CDR loops are quite flexible, leading to 
many structures that don’t quite follow these rules. Some autoimmune and self-reactive 
structures differ significantly and engage pMHC in suboptimal ways56,65.  
 
Examples that break convention 
Recently, there has been two extreme exceptions to the general binding 
orientation rule: An induced T regulatory cell and a non-dominant responding CD8+ cell 
were shown binding in reverse orientation59,66. Highly atypical TCR interactions drive 
much of this observed binding. In the case of the iTreg TCR, binding was exclusively 
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driven by the TCRβ chain, with much of the binding interface’s buried surface driven by 
germline encoded portions of the TCR59. In contrast, the CD8+ T cell had some minor 
TCRα contributions to MHCI binding and peptide recognition, but the largest 
contributors to TCR binding were primarily from the TCRβ chain and most were 
germline encoded amino acids66. This shift from using residues that interact with MHC 
for the purpose of peptide specificity was particularly interesting. The naïve T cell 
population may have more TCRs that use predominately germline encoded residues for 
the majority of peptide specific recognition. There are also peripheral regulatory 
implications as CD8 T cells that bound with a reversed orientation had minimal 
contribution to an immune response and had reduced TCR signal transduction66. The 
frequency with which reverse binding occurs has not been measured. Additionally, more 
structures of Tregs in general need to be solved in order to determine if this reverse 
orientation is common feature of these suppressive cells.  
 
Outcome of TCR Interactions  
Upon successful TCR-pMHC engagement, a signal is transmitted through the T  
cell’s CD3 complex, leading to the activation of a multitude of downstream transcription 
factors that allow the cell to carry out effector functions67. While it may be possible for a 
single TCR-pMHC interaction with sufficient affinity can cause the release of cytokines 
from an activated helper T cell, the process of activating a naïve T cell typically takes 
extended interactions with an APC3,68. The TCR signal is only one component of this 
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signaling process, as additional signals through co-stimulatory receptors and cytokine 
receptors all contribute to T cell activation and differentiation into different subsets69.  
 
Cross-reactivity 
T cell receptors are said to be cross reactive70,71. This means that any given T cell 
receptor has the potential to bind multiple, different pMHC complexes. Cross reactivity 
can be further broken down into peptide cross reactivity (the recognition of multiple 
different peptides on the same MHC alleles) and MHC cross reactivity (the recognition of 
multiple different MHC alleles). While there can be the potential for >1015 different 
combinations of  TCRs expressed by T cells, there are in reality much fewer numbers 
(~1x108)  of actual cells present in the naïve repertoire9. In accordance with this, it is 
unreasonable to assume that there is only one given TCR combination capable of 
detecting only one given pMHC complex72. One school of thought is that the entire 
number of potential pMHC completely dwarfs the number of TCR combinations present 
in the periphery and this why T cells are described as cross reactive and why cross 
reactivity is necessary70,72 
However, there is a fewer number of distinct peptides that the T cell repertoire 
actually needs to recognize. Some peptide amino acids are anchored in the MHC binding 
pocket, leaving fewer residues exposed and accessible to the TCR. This reduces the 
number of potential peptides a TCR needs to interact with. Because of this, conventional 
T cell TCRs may not be cross reactive in the sense that they recognize disparate, non-
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homologous peptides. Instead cross reactivity may be through TCR formation of 
energetic hot spots within groups of sequence related peptides73. 
 
T Cell Selection and Cross Reactivity 
It is thought that positive selection enriches for TCRs that are cross reactive. This 
may be because TCRs that can signal and bind many different pMHC complexes can 
more readily receive the signals necessary for survival. In support of this, CD4+ T cells 
from mice that have limited or absent negative selection tend to bind many different 
pMHC molecules18. This could also be interpreted as selecting for TCRs that have a 
higher degree of CDR loop of flexibility which would allow TCRs to engage as many 
pMHC structures as possible74–77.  
 In contrast, negative selection limits cross reactivity, forcing T cell receptors to 
become more peptide specific18,78–81. Evidence that supports this is that mice with 
deficiencies in negative selection have highly degenerate peptide recognition18. Negative 
selection is thought to impart this specificity by deleting TCRs that make extensive 
contacts with primarily the MHC molecule in favor of receptors that make more contacts 
with the presented peptide81. However there is some evidence that a single-peptide MHC 
complex is capable of producing a diverse and specific CD8+ T cell repertoire, 
contrasting reports that a single peptide MHC complex selects for increased cross 
reactivity in the CD4+ T cell repertoire18,82. Because of this there may be differences in 
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how selection may shape cross reactivity and peptide specificity of CD4+ and CD8+ T 
cells. 
Similarly, computational models suggests thymic selection enriches for TCRs that 
interact less with MHC in favor for more, low affinity interactions with multiple portions 
of a peptide79,80. T cells would have to encounter a large number of different pMHC 
complexes during thymic selection to achieve this specificity, explaining the peptide high 
cross reactivity of TCRs from mice deficient in negative selection18,80.  
 
Alloreactivity 
It has been known for many years that introducing foreign tissue from a one 
member of the same species to another results in the rejection of the transplanted tissue. 
This phenomenon, now known as alloreactivity, was one of the first observed 
immunological reactions. Alloreactivity has been studied for well over a century and still 
remains an important issue in the context of organ and tissue transplants and graft versus 
host disease. In the pursuit of understanding the basis of alloreactivity, many components 
and functions of the immune system were discovered. These discoveries include the 
MHC molecule, MHC restriction, T cells, and the first crystal structure of the TCR-
pMHCII complex54,83–86. It is now well established that the general basis of alloreactivity 
is T cell receptor interactions with a foreign pMHC molecule. 
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Consequences and Modern Importance of Alloreactivity 
The biomedical importance of alloreactivity is focused on understanding how 
graft versus host disease and transplant rejection emerge during organ or stem cell 
transplantations. Consideration of different MHC alleles is important in these contexts. 
Some MHC polymorphism mismatches can result in worse transplant prognosis than 
others87–89. In some cases, even little as one amino acid difference between alleles such as 
in the case of HLA*B4402 and HLA*B4403 mutation in the α2 helix is enough to trigger 
alloreactivity43.  This was also observed in experiments comparing alloreactive responses 
from animals bearing different MHC mutations of limited disparity derived from H-2b 
mice90. Interestingly, extremely disparate HLA mismatches may actually have an 
opposite effect-leading to a more positive outcome in some hematopoietic stem cell 
transplants. One study in humans has shown that more than five amino acid differences in 
each of both the α-helices and β-sheet of MHC class I had a much better prognosis for 
hematopoietic stem cell transplantation in vivo when compared to other mismatched 
grafts91.  
Transplantation is still an important medical procedure performed today and 
understanding the frequency and mechanisms behind alloreactivity remains important for 
the advancement of this procedure. With the emergence of Chimeric Antigen Receptor 
therapy, the properties of alloreactive T cells might also serve as a tool to improve certain 
transplantation outcomes92–94. 
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Rates of Alloreactivity 
During thymic selection, developing T cells encounter self-peptides presented on 
the MHC molecules encoded within their genome12. One outcome of the selection 
process is that naïve thymocytes surviving thymic selection are not overly self-reactive 
towards these syngenic MHC molecules. Instead, T cells that establish weak interactions 
to one or more presented self-peptide MHC complexes are selected. These weak 
interactions with self-pMHC are essential for the tonic signals required for the continued 
homeostatic proliferation and priming of T cells in the periphery12,95,96. However, 
selection cannot directly shape the T cell repertoire towards foreign MHC alleles because 
they are not present in the organisms Thymus. Because of this, T cells that overtly react 
to allo-MHC alleles are not removed from the naïve T cell population. 
A large frequency of the naïve T cell population are found to be alloreactive. One 
in vivo study estimates that 1 in 1,000 T cells are reactive towards foreign MHC 
molecules—1,000 fold higher than the frequency of any given T cells specific for foreign 
antigens97. However, given the nature of selection on self MHC, not all T cells are 
automatically alloreactive to foreign MHC molecules98,99. T cells that were alloreactive to 
multiple different MHC appear to follow a Poisson distribution, indicating that TCRs 
capable of binding either large numbers of different allo-MHC or none at all occurs 
randomly100. Due to the high frequencies of alloreactivity in peripheral T cells and its 
importance in the context of transplantation, the molecular mechanisms driving 
alloreactivity have been the subject of much research. 
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Molecular Basis of Alloreactivity 
Fundamentally, the peptide-MHC interface could be thought of as one large unit 
that a TCR’s CDR regions surveys for a best energetic fit24,60,80. For many conventional T 
cells receptors, there is a balance of CDR regions’ interaction with the presented peptide 
and interactions with the MHC molecule itself that results from the selection process60,81. 
Any extreme focus on peptide or selecting MHC molecule would likely result in deletion. 
This may be due to lack of the required specific antigen to positively select the cell or to 
deletion due to overt activation towards the abundance of MHC molecules present during 
negative selection. Investigators have often attempted to distinguish TCR allorecognition 
from a conventional TCR-pMHC interaction by emphasizing whether the alloreactive 
TCR establishes contacts primarily with the MHC molecule or the presented peptide. 
Investigation of the molecular basis of alloreactivity has resulted in the formation of two 
models that reflect these ideas: an MHC centric and a peptide centric model of 
alloreactivity101,102.  
 
MHC Centric Model 
The major premise behind the MHC centric model of alloreactivity is that 
germline encoded residues have co-evolved to recognize MHC molecules. This is also 
sometimes referred to as “dual recognition” wherein the TCR amino acid residues it uses 
to recognize self MHC also are used to recognize the foreign MHC. Because of this, T 
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cell recognition of peptide would be considered degenerate, as more of the binding 
energy is derived from establishing MHC contacts.  
As discussed in the MHC restriction section above, some germline encoded amino 
acid residues present in the CDR1 and CDR2 loops of a TCR bias T cells to recognize 
MHC19,23,24. Based on structures of alloreactive receptors binding pMHC, there are 
conserved residues that interact with the same or similar regions of the MHC 
molecule19,21,28. Differences between MHC alleles in these contact regions might cause an 
alloreactive response with little to no dependence of the peptide presented by the allo-
pMHC molecule. 
This is also illustrated by the MHC molecules HLA-B*4402 and HLA-B*4403. 
As mentioned previously, these receptors differ by only one amino acid in the a2 helix of 
MHC43. This non-conservative mutation (Asp vs Leu) is buried within the α2 helix and 
not directly accessible to the TCR43. However, this mutation results in slightly altered 
topology within the peptide binding cleft, which may be the major difference detected by 
alloreactive T cells43. The mutation also alters the specificity of the MHC p3 binding 
pocket, slightly altering the peptides repertoires presented between the HLA molecules 
by ~5%43. Despite this, MacDonald et al. suggest it is mostly likely that the close 
similarity of these HLA molecules results in selection of a large repertoire of T cells 
biased to recognize this MHC family with the side effect of heightened alloreactivity. At 
the same time, this 5% difference of peptides may be enough for alloreactive T cells to 
spot slight differences in the composition or orientations peptides are displayed. If the 
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response is to peptide differences like these, the mechanism follows the peptide centric 
model of alloreactivity. 
 
Peptide Centric Model 
The peptide centric model argues that allo-pMHC molecules may present a 
different assortment of self-peptides that alloreactive TCRs do not encounter during 
negative selection. This model is sometimes referred to the “altered self” or “modified 
self” hypothesis. However, this model posits that alloreactive responses are specific to the 
peptides presented by foreign MHC molecules. As outlined above, different alleles of 
MHC molecules may have major amino acid differences. Some may be found within in 
the peptide binding groove, greatly altering the solvent facing peptide residues available 
for TCR engagements. Because these self-peptides are different from the ones the 
alloreactive T cells was selected upon, the T cell could be activated in a peptide specific 
manner as if it were detecting a foreign antigen. 
An interesting example of this is the human LC13 TCR and its interactions with 
self-HLA-B*0901 presenting a foreign viral peptide as well as two different allo HLA 
molecules presenting a peptide mimotope103. In this case, despite major differences 
between self and allo-MHC molecules as well as large amino acid differences between 
the viral peptide and allo-peptide, the TCR engaged the MHC complexes nearly 
identically103. This is because the allo-peptide and viral peptide adopted similar 
conformations in the MHC molecule upon TCR engagement and preserved important C 
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terminal peptide contacts103. Similarly, the BM3.3 TCR shows multiple energetically 
important contacts towards its cognate peptide in its structure with allo-MHC76. Felix et 
al also presented alloreactive TCRs that were peptide specific for multiple disparate 
peptides104. Each receptor utilizing a different constellation of MHC amino acid contacts 
each time to bind, and argued that multiple peptide interactions just as important for 
binding104. 
 
Rules governing peptide specificity of alloreactivity 
In reality, the idea that TCR-peptide interactions or TCR-MHC interactions alone 
are the primary drivers of alloreactive responses is very unlikely. The actual answer 
likely falls somewhere in the middle with both MHC and peptide making contributions to 
the overall TCR binding energy. During any given alloresponse, there is a mixture of T 
cell clonotypes with a spectrum of binding properties101. However, what exactly 
influences this spectrum is still not completely clear.  
One model argues peptide specificity in allo responses is determined by how 
closely related the syngenic and foreign MHC alleles are. Alloreactivity between highly 
dissimilar donor and recipient alleles was peptide degenerate, driven less by specific 
peptides and more by target MHC residues105. At the same time, responses between MHC 
alleles with only minor differences result in responses that are more peptide specific105. 
One group studying T cell cross reactivity via computational models found evidence that  
supported this finding80. Additionally, a structural study also supports this model. The 
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HA1.7 TCR was shown to bind highly similar MHC alleles displaying the same foreign 
influenza epitope in a peptide specific manner106. 
Other experimental evidence disagrees with this model.  One structural study 
showed that the 2C TCR binds two non-homologous MHC complexes displaying two 
distinct peptides in a peptide specific manor28. This was attributed to molecular mimicry 
that occurred upon 2C TCR engagement. Another study showed the peptide recognition 
of two different alloreactive receptors binding different pMHC molecules was 
polyspecific, not peptide degenerate104.  This polyspecificity was achieved through the 
TCR utilizing different constellations of MHC contacts to specifically associate with 
different peptides104.  
It is clear that this model needs further tested. As mentioned previously, negative 
selection directly influences the peptide specificity of T cell receptors. However, if this 
model is correct, negative selection may also indirectly shape the peptide specificity 
towards peptides presented by closely related MHC alleles. This would result in peptide 
specific alloresponses between alleles that are similar and peptide degenerate responses 
from alleles that are divergent. Understanding how selection shapes the peptide 
specificity alloreactive receptors and may prove invaluable in better understanding the 
molecular basis of alloreactivity.  
 
T cell Self-Reactivity 
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 Because of the nature of thymic selection, T cells have a bias for self-reactivity. 
Despite this, an organism’s T cells are not overtly self-reactive because they are not 
usually activated by self-peptides presented by APCs in the periphery. Instead, T cells 
respond to self-peptides at low, tonic levels in order to homeostatically proliferate and 
remain primed for responses to antigens12,95,96,107. Unfortunately, some naïve T cells 
present in the periphery can become activated by self-antigens and start an autoimmune 
reaction. This can lead to multiple different diseases of biomedical relevance including 
Multiple Sclerosis, Type I Diabetes, Crohn’s Disease, etc. In contrast, other self-reactive 
T cells can be beneficial to an organism-Treg cells recognize self or commensal peptides 
and suppress the activation of the immune response, thereby preventing 
autoimmunity15,108. Understanding the molecular mechanisms that drive self-recognition 
in these unique contexts continues to be important focus of immunology and the 
development of new treatment strategies for autoimmune diseases. 
 
Emergence of Self Recognition 
 While thymic selection is essential to produce a functional, self-tolerant T cell 
repertoire, it does not completely eliminate all potential self-reactive T cells109–112. Some 
self-proteins expressed highly in the central nervous system may not be presented well by 
thymic APCs, may be expressed as a different isoform, or even be expressed at low levels 
by APCs in the thymus113. T cells expressing TCRs specific towards peptides derived 
from self-proteins like these are not always deleted, and can be found readily in the 
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periphery using self-peptide tetramers109–111. Some naïve conventional T cells found in 
the periphery even have TCRs that overlap with the Treg TCR repertoire114. Tconv cells 
expressing one of these shared TCRs undergo rapid in vivo expansion upon transfer 
lymphopenic hosts compared to a non-overlapping TCR114. This suggests that due to the 
stochastic nature of T cell selection, T cells that express the same self-reactive TCR 
sometimes sort into both the T conventional pool and T regulatory pool. The activity of 
cells that sort to the conventional pool might be suppressed by peripheral Tregs in order 
to maintain homeostasis under normal circumstances.  
Some TCRβ chains skew a TCR combination to be more self-reactive than others. 
TCRβ transgenic mice expressing different receptors have different numbers of 
peripheral Treg cells as well as different numbers of single positive cells that emerge 
from thymic selection58,115. For example, the pre-selection thymocytes bearing the more 
self-tolerant B3K506 TCRβ chain express less activation markers such as Nur77, CD5, 
and CD69 than the more self-reactive Yae62.8 TCRβ counterparts115. This greater self-
reactivity correlates with the presence of more aromatic and hydrophobic residues in the 
CDR3 of the TCRβ chain important for contact of the peptide within the pMHC 
molecule115.  
 
Self-Tolerance 
Immune system homeostasis and self-tolerance is mediated by processes called 
central tolerance and peripheral tolerance. Central tolerance occurs during negative 
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selection stage of T cell development described above113. Overly cross reactive and self-
reactive T cells are eliminated from the naïve T cell pool via negative selection. While 
this reduces much of the potential self-reactivate T cell repertoire, not all self-reactive 
cells are eliminated. For example, low avidity, self-reactive T cells can be readily found 
in peripheral lymphoid tissues, and can become activated during infection and in the 
presence of an abundance of antigen112. Additionally, central tolerance may not eliminate 
T cells reactive to commensal peptides such as food antigens or the antigens related to 
non-pathogenic, commensal microbes. 
Peripheral tolerance takes place outside of primary lymphoid tissues and is 
mediated by T regulatory cells (Tregs) and tolerogenic APCs. When Tregs encounter 
their antigen, they do not contribute to activating an immune response. Instead they 
express suppressive cytokines such as IL-10, IL-25 and TGF-β as well as the CD28 high 
affinity competitor, CTLA-4, to repress APCs and surrounding T cells15. 
T cells can emerge from the thymus with a Treg phenotype (nTreg). They can 
also form through conversion of conventional T cells into iTreg cells through interactions 
with a variety of tolerogenic APCs in peripheral tissues12,116. Both iTreg and nTreg 
populations suppress the immune response using similar mechanisms117. Despite this, it 
the stability of a suppressive phenotype in iTregs may be lower than nTreg cells- 
especially under inflammatory conditions117.  
What exactly dictates a T cell to develop into an nTreg in the thymus is still 
subject to much research. One model used to explain the mechanisms that drive nTreg 
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development within the thymus is called the affinity driven model” or “instructive 
model” 12,118. T cell precursors sometimes begin expression of the transcription factor, 
FoxP3, in the thymus and become Tregs during T cell selection. The “affinity” or 
“instructive model” of T cell development argues that this process is determined by the 
strength of TCR interactions with self-peptides presented by mTECs and dendritic cells 
found in the thymus12,118. There is plenty of evidence that nTregs have higher affinity 
towards self-peptides than Tconv cells119,120. The strength of binding that directs Treg 
differentiation is likely on a continuum because there is overlap between the TCRα/β 
sequences used by both conventional naïve T cells and nTregs12,114 . However, this initial 
TCR signaling is an essential step for the Treg lineage commitment because it induces 
hypomethylation of DNA near loci important for Treg function in Treg precursors121. 
TCR signaling also remains important for Tregs in the periphery for survival and effector 
functions122. 
 Additionally, the extent to how much deletion of self-reactive T cells versus 
divergence into Treg lineage is unclear during T cell development. For example, one 
study suggests that negative selection may only partially delete tissue specific T cells123. 
Instead, a large portion of the tissue specific, self-reactive T cells are diverted into Treg 
cell phenotype as a means for ensuring tolerance123.  
Dendritic cells, which make up about 0.5% of the cellularity of the thymus, also 
have the capacity to negatively select developing thymocytes as well as direct self-
reactive T cells to the nTreg lineage12,124. Thymic resident dendritic cells present antigens 
derived from dying mTECs and circulating plasmacytoid dendritic cells are thought to 
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bring peripheral tissue antigens to the thymus for presentation to developing thymocytes 
for negative selection12,125. While the possibility exists for these circulating plasmacytoid 
dendritic cells to cause the differentiation of nTregs derived from food or commensal 
bacterial antigens, there has yet to be evidence that fully demonstrates this. 
 
Structures of Autoimmune and cancer receptors 
Autoimmune and cancer specific TCRs can bind MHC II in an altered topology 
compared to TCRs specific to foreign peptides56. A common strategy among some of 
these structures is a shift of TCR loop focus to N terminal portions of the presented 
peptide instead of more centralized portions29. For example, the OB.1A12 TCR isolated 
from a patient with the autoimmune disease, multiple sclerosis, shifts to the N terminal of 
MBP85-99 with the TCR tilting more towards the β helix of HLA-DR264. The affinity of 
OB.1A12 towards MBP85-99 is fairly low with a Kd>100, indicating that this binding 
mode is not favorable for interactions62.  
Another interesting example is the Hy.1b11 TCR bound to DQ1-MBP85-9963. This 
receptor recognizes the same peptide as OB.1A12, however the peptide was displayed by 
a different MHC molecule63. In this structure, only a single germline encoded TCR 
contacts the MHC helix and only one CDR3 loop contacted the MBP peptide63. Unlike 
the low affinity OB.1A12, this TCR bound with a moderate affinity63. These structures 
demonstrate that self-reactive T cells can to bind self-peptide MHC in very different 
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ways. These differences may allow them to escape deletion during negative selection and 
have the potential to cause autoimmunity56. 
 
nTregs Structures 
A glaring hole in the accumulated number of TCR-pMHC structures solved today 
is the lack of an nTreg cell bound to a self-peptide. One difficulty has been finding the 
cognate self-peptide for nTregs as T cells that recognize thymic peptides with detectibly 
high affinity are deleted in the thymus16. Because of this, it is possible that many self-
peptides recognized by an nTreg are bound at a lower affinity and may be harder to 
identify. Another difficulty has been identifying a legitimate nTreg TCRs as common cell 
surface markers used to distinguish nTregs from iTregs somewhat overlap126,127. Whether 
or not most nTregs bind self-peptides in reverse orientation similar to the iTreg specific 
for insulin or most bind like self-reactive cells that survive selection remains to be 
determined56,59. Thymic derived nTregs might survive negative selection by also adopting 
non-conventional binding orientations on self-pMHC molecules that produce signaling 
below the deletion threshold16,31,49. Because of this, structures of several nTreg TCRs 
bound to a self-peptide are sorely needed.  
 
Studying Allo- and Self-reactive TCR-pMHC interactions 
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A major difficulty that arises when studying alloreactivity is finding authentic 
allopeptides bound by alloreactive TCRs. This holds true for identifying self-peptides 
recognized by self-reactive T cells such as T regulatory cells. A common strategy to 
study T cell receptor interactions with cognate peptides is to screen receptors of interest 
using randomized amino acid mimotope libraries57,73,77,99,103,128,129. These mimotopes can 
then be compared to a protein database in order to identify peptides with similar amino 
acid sequences found in nature57,73,103. However, finding an activating mimotope does not 
guarantee there is a similar peptide128,129. 
Others have approached this issue by synthesizing large pools of endogenous 
peptides in order to find an activating allopeptide by activation104. In this case, I-Ek 
molecules were isolated from the CH27 B cell line and liquid chromatography tandem 
mass spectrometry were used to separate and identify the naturally occurring peptides 
from this MHC molecule104. Thus, a defined self-peptide library can be used to identify 
cognate self-peptides of TCRs.  
There are a growing number of resources that report peptides eluted from MHC 
molecules130. Incorporating these peptides into a MHC linked peptide display library 
would generate a powerful screening tool131. Defined alloreactive and self-reactive T cell 
receptors can be screened on this library in order to characterize the identity and quantity 
of self-peptides they recognize. This data would provide insight on self-peptide 
specificity of different alloreactive receptors, and test the rules that dictate the molecular 
mechanisms of alloreactivity.  
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Additionally, the library could serve as the basis to identify activating self-
peptides for natural T regulatory cells. Since cognate self-peptides for nTreg TCRs have 
remained elusive, screening a large number of defined self-peptides may reveal an 
activating ligand. Finding an activating self-peptide would also serve as the launching 
point for structural studies and further biochemical analysis in order to better understand 
how these TCR engage self-peptide presenting MHC molecules. 
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Chapter II 
Materials and Methods 
 
Cloning MHC and TCR Molecules for Baculovirus Expression 
Baculovirus was used to express both specific MHC molecules and specific TCR 
molecules on insect cell surfaces131.  Plasmid constructs were designed and built to 
contain baculovirus virus DNA homology regions, as well as the desired MHC or TCR 
elements.  These plasmids were used to generate functional, recombinant baculovirus 
through homologous recombination when introduced into insect cells with linearized, 
wild type viral DNA. The base plasmid used to generate the recombinant constructs was 
pBacp10pH. This plasmid contains two promoter regions: the polyhedrin (pH) and p10 
that allowed expression of two separate polypeptides. Variations of proteins cloned into 
pBacp10pH constructs were used for membrane expression or soluble expression as well 
as BirA tagging (Appendix B.1-B.2).  
The I-Ab MHC expression constructs are designed such that a unique single 
peptide is presented by the MHC molecule.  The sequence for self-peptide was encoded 
downstream of the β-chain leader sequence and upstream of the I-Ab β-chain (Appendix 
B).  The peptide was connected to the N terminus of the I-Ab β-chain by a flexible linker 
that consists of Gly-Gly-Gly-Gly–Ser-Leu-Val–Gly-Gly-Gly-Ser-Gly-Gly-Gly-Gly-Ser. 
The thrombin cleavage site normally located within the glycine linker was removed via a 
PCR fragment (Appendix B.3). Individual peptides were cloned into the construct by 
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PCR using a reverse primer with a portion encoding the peptide (Appendix C.2). The 
PCR product was run through an agarose gel via electrophoresis to confirm proper 
annealing and DNA amplification. Bands were excised and the PCR products gel 
extracted (Geneclean II, MP Bio).  The PCR fragment was digested using the EcoRI and 
SpeI enzyme sites and cloned into the I-Ab containing vector following another 
purification step (Geneclean II, MP Bio). Each peptide construct was sequenced prior to 
use in order to ensure proper encoding of the individual peptide sequence. 
 
Self-peptide primer design 
Peptide sequences obtained from the IEDB and published articles were aligned 
based on how they were predicted to fit into the I-Ab peptide binding pocket53,132. Twelve 
amino acids from the peptide sequence were codon optimized using an online resource 
for expression in insect cells (encorebio.com). If the peptide sequence was longer than 12 
amino acids and the binding motif not clear, multiple truncated versions was made until 
the entire amino acid sequence was covered. If the peptide sequence was much shorter 
than 12 amino acids, additional glycines were added at the end of the peptide, extending 
the flexible linker. A 15 base pair nucleotide overlap was added to the front of the primer 
to allow for strong annealing. A SpeI restriction enzyme site (ACTAGT) with an 
additional 3 nucleotides was added to the end of the primer so that it could be cloned into 
pBacp10pH (Appendix B.4). The final primer sequences were then reversed 
complimented to act as a reverse primers (Appendix C.2 has full list of primers). 
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I-Ab β-Chain with BirA Substrate Peptide 
 A version of the pBacp10pH I-Ab self-peptide construct was generated for 
peptides of interest where the β-chain contained the birA substrate peptide in place of the 
gp64 transmembrane domain allowing soluble expression of the linked peptide MHC II 
complex.  This was achieved by subcloning the region encoding the self-peptide at the 
EcoRI and BspeI sites (Appendix B.1) into the birA containing construct (Appendix 
B.2).  The resulting construct was sequenced to ensure that the proper self-peptide was 
inserted. 
 
Cloning of 3H and 3L TCRs 
Sequences of prominent Triplehi and Triplelo Treg TCRα chains were cloned into 
pBac and pMSCV vectors for experiments that already contain TCR constant domains 
and the Yae62.8β chain. Reverse primers encoding for the proper amino acid sequence 
were created for amplification and can be viewed in Appendix A. All selected TCR 
clones were Vα2 and a different vector was used for PCR amplification depending on 
whether or not the Treg TCR was Vα2.8 or Vα2.1/9 (Appendix A). Briefly, the TCR was 
amplified using the indicated primers-if the region encoding the CDR3 was too long for a 
single amplification step, nested primers were used and the product was made through 
two steps of PCR. After amplification, the PCR product was isolated by Gene Clean 
(wizard). The product was then digested XhoI-BspeI and cloned into pBacp10pH 
construct designed for TCR multimer production under control of the p10 promotor. 
Competent E. coli were transformed with the ligation product and cultures grown from 
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resulting colonies. After miniprep, plasmids were sequenced. Sequences for each or the 
TCRα chains can be viewed in (Appendix A).  
To construct the pMSCV-IRES-Puro versions of the Treg TCRs for the purpose 
generating Transfectomas for stimulation experiments, the TCRα chains were subcloned 
from sequenced pBacp10pH plasmids. Because of additional restriction sites within the 
pMSCV puro that would make a single digest and ligation unviable because of the loss of 
Ca and a portion of the IRES puro, a slightly different strategy was used to transfer the 
TCRa chain. pBacp10pH plasmids were digested XhoI-BspeI and the fragment 
containing the TCR sequences was mixed with the TCR constant region from another 
plasmid digested BspeI-EcoRI and ligated into pMSCV-puro digested XhoI-EcoRI. 
Plasmids were sequenced post transformation and miniprep.  
 
Preparation of Linearized Baculovirus DNA 
Linearized baculoviral DNA is required to generate recombinant baculovirus for 
the induction of MHCII surface expression in insect cells. 25ug of purified genomic DNA 
was digested with the restriction enzyme BSU35I for 2 hours at 37˚C. The enzyme was 
then heat inactivated for 20 minutes at 65˚C. After heat inactivation, 20mM EDTA pH 
8.0 was added to neutralize 10mM Mg2+ found in digestion buffer to prevent degradation 
of the cut genomic DNA. The linearized DNA mixture was then stored at 4 ˚C and used 
as needed. 
 
Generation of Recombinant Baculovirus 
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Generation of a recombinant baculovirus was achieved through co-transfection of 
a pBacp10pH plasmid construct along with linearized wild type baculovirus DNA into 
SF9 cells.  A recombination event between the linear wildtype viral DNA and the 
pBacp10pH plasmid created circular recombinant viral DNA.  This circular baculovirus 
DNA is sufficient to generate functional virus. These resulting recombinant viruses are 
also able to induce the expression of TCR or MHC complexes encoded within the pBac 
plasmid. 
SF9 cells were plated out in a 6 well plate (Corning: Falcon) at 1x106 cells/6 well 
plate well and allowed to adhere.  Adherent cells were washed with 2mL plain Graces 
medium [unsupplemented Graces medium (Invitrogen), antibiotic-antimycotic solution 
[100 units/mL penicillin G, 0.10 mg/mL streptomycin sulfate and 0.25 μg/mL 
amphotericin B] (Sigma)] followed by the addition of ~1mL of transfection buffer [4μl 
cellfectin II [ThermoFischer], 500ng of the specific pBac plasmid construct, 20 ng of 
linearized baculovirus DNA and 1mL unsupplemented graces]. The plates were rocked 
briefly to distribute the transfection buffer and then incubated for 4 hrs at 27. 
Afterwards, wells were washed with 2mL plain Graces medium and incubated for 7-10 
days in 3 ml complete Graces medium [supplemented Graces medium (Invitrogen) with 
10% fetal bovine serum (FBS) and antibiotic-antimycotic solution (Sigma)]. If the pBac 
plasmid encoding a membrane bound protein, a small volume cells from the well were 
collected and stained with antibody (αTCRβ clone H157-597; BD Biosiences, 
M5114.15.2 clones) and run briefly with a flow cytometer to confirm induced expression. 
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Supernatant was harvested and stored in labeled 15ml conical tubes or cell freezer tubes 
at 4ºC until use. 
 
Staining for I-Ab Surface Expression  
The surface expression of I-Ab was assessed on day 3 post-infection Sf9 cultures 
by staining 3x105 cells (3x107 cells/mL) with a pre-titred, monoclonal I-Ab specific 
17/227 PE antibody or Anti-MHC Class II PE (BD Biosiences, M5114.15.2), for 
30min133. Cells were washed with BSS wash buffer (5.5mM glucose, 0.5mM KH2PO4, 
1.3mM NaHPO4, 1.3mM CaCl2*2H2O, 5mM KCl, 138mM NaCl, 1mM MgCl2*6H2O, 
0.8mM MgSO4, 15mM NaN3), and analyzed by flow cytometry (BD LSRII).    
 
Generation of high titer baculovrius 
In order to generate high titer baculovirus for protein expression, 1x107 SF9 cells 
were seeded into a T225 flask (Corning: Falcon) and were allowed to adhere. Media was 
aspirated off and 75 mls of fresh, complete Graces medium was added [supplemented 
Graces medium (Invitrogen) with 10% fetal bovine serum (FBS) and antibiotic-
antimycotic solution (Sigma)]. 100ul of primary baculovirus stock was then added and 
the flask was rocked gently to mix. The flask was incubated 7-10 days at 27C to allow 
virus to expand and then stored at 4C until used. 
 
Limiting Dilution Cloning of Recombinant Baculovirus 
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 Limiting dilution cloning of pooled transfected virus culture was used to isolate 
individual mimotopes from library infected cells sorted by TCR binding.  Graces medium 
containing 2x104 Hi-5 cells/mL was used to carry out the dilution. After incubation at 
27˚C for 7 days, virus containing wells were determined by visual inspection. 
Supernatant from wells that contained high numbers of dead or dying Hi-5 cells on were 
marked as virus positive. 5µl of virus positive media was added to 24 well plates 
containing 3x105 SF9 cells/well. 3 days later, wells were screened via MHCII (17/227) 
staining and parent TCR multimer staining. Supernatant from wells expressing MHC 
class II and were stained by the respective TCR were saved as primary virus. Cell pellets 
were collected and used to extract baculoviral DNA for sequencing. 
 
Purification of DNA from Baculoviral infected cells 
 SF9 cells were plated at 3x105 cells/well in a 24 well plate an infected with 
baculovirus. After 3 days, cells were collected from each well and pelleted. Cells were 
resuspended in 50µl of Tail buffer (1% SDS, 0.1M NaCl, 0.1M EDTA, 0.05M Tris [pH8] 
+ 1µl of 10 mg/mL proteinase K). The resuspended cells were then incubated for 2 hours 
at 56˚C. After incubation, DNA was ethanol precipitated from the mixture. DNA was 
resuspended in 50µl of water. Extracted DNA was stored at -20˚C until further use. 3µl 
of the resuspension was used for subsequent PCR amplification of target DNA. 
 
Conjugation of 17/227 Antibody 
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The monoclonal 17/227 antibody is specific for I-Ab and does not interfere with 
TCR-pMHC interactions133. For experiments, it was conjugated to a fluorophore for use 
in flow cytometry. The 17/227 antibody was brought to a concentration of 3-4 mg/ml in 
PSB. Tris-(2-carboxyethyl) phosphine hydrochloride (TCEP, [Prozyme; 100mM in 
dH20]) was added to a final concentration of 3mM to reduce hinge disulfides for 30 
minutes at room temperature. Afterwards, activated PE (Prozyme, [1mg at 2mg/ml in 
PBS]) is added at 2mg PE per 1mg IgG. The tube was then wrapped in aluminum foil to 
protect from photobleaching and rotated at room temperature for 60 minutes. After 60 
minutes, 34ug of n-ethyl-maleimide (Sigma) per mg IgG was added to block unreacted 
sulfhydryls. The tube was re-wrapped in aluminum foil and rotated for an additional 20 
minutes.  
After the final incubation period, the mixture was then buffer exchanged into 
fresh PBSA to remove residual TCEP/NEM and concentrated in a Centricon 30 
(Millipore). Afterwards, the conjugated antibody was run on a HPLC sizing column to 
separate conjugate from free PE and uncoupled antibody (Superdex 200 10/300 GL). 
Peaks containing conjugated antibody were then concentrated in a centricon-30 
(Millipore) to approximately 0.5 mg/ml and stored in a light-protected screw-cap vial. 
The antibody was then titrated for future use on insect cells infected with baculovirus to 
induce MHCII expression. 
 
BMDC Production 
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Bone Marrow Dendritic cells were grown to act as antigen presenting cells for T 
cell hybrids and T cell transfectomas. Mice were euthanized via CO2 and cervical 
dislocation. Mouse hind legs were harvested, and the bones were separated from 
fur/skin/muscle. The bones were briefly rinsed in dish containing 100% EtOH, then 
placed into a petri dish containing supplemented DMEM (Gibco, High Glucose + 44 mM 
sodium bicarbonate, 0.55 mM l-arginine, 0.27 mM l-asparagine, 1.5 mM l-glutamine, 1 
mM sodium pyruvate, 50 mg/L gentamicin sulfate, 50 μM 2-ME, 10 mM HEPES, and 
10% FCS) and chilled on ice until all samples were collected. The femur was separated 
from the tibia and foot with scissors and a 10 mL syringe (BD biosciences) filled with 
DMEM and using a 23G needle (BD biosciences) was flushed into a 15mL conical tube 
(falcon). The step was repeated for the remaining bones.  
After all bone marrow was flushed, the cells were resuspended and passed 
through a cell strainer into a fresh 50 mL conical tube. The tube was spun at 1500 RPM 
for 10 minutes and the supernatant was aspirated off. The cells were resuspended in 1 mL 
Gey’s Red Blood Cell Lysis buffer (Ammonium Chloride [NH4Cl] 155 mM, Potassium 
Bicarbonate [KHCO3] 10mM, Phenol Red (using 0.5% stock) 0.0001%, pH adjusted to 
7.2) and incubated on ice for 5 minutes. Afterwards 10x volume of DMEM was added 
and cells were spun at 1400 RPM for 4 minutes. The supernatant was again aspirated. 
The cell pellet was resuspended in 1-2 mL DMEM + GM-CSF (20-30 ng/ml). The cells 
were counted and then diluted in DMEM + 2GMCSF such that there were 1 x 106 
cells/3mL (or 3.3 x 105/mL). Cells were then plated into a 6 well plate, 3mL per well and 
incubated at 37ºC, 5% CO2.  
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After 2 days of culture, plates were swirled so that the cluster of cells in the 
middle of the wall disperse. All media from each sample type was removed from each 
well and combined into a separate 50 mL conical tube. Tubes were spun at 1500 RPM for 
10 minutes to pellet down cell debris. 2 ML of this medium was added back to each well 
alongside an additional 2 mL fresh DMEM + GM-CSF (20-30 ng/mL GM-CSF). On day 
4 of the culture, media was replaced with 4 ML DMEM with 1x GMCSF and were 
cultured for 2 more days before use. To harvest, cells were detached with a cell scraper. 
 
T cell Hybridoma Stimulation Assays 
 Artificial APCs were created by infecting Sf9s cells stably transfected with the 
B7.1 and ICAM-1 co-stimulatory molecules with clonal or pooled viruses displaying self-
peptide MHC complexes. Three days post infection, MHCII expression was confirmed 
on the infected insect cells. 1x105 T cell hybridomas were then co-cultured in complete 
tumor medium (CTM)134 with 3x104 live, MHCII+/B7.1/ICAM-1 Sf9s per well in 96 well 
plates for 24hrs.  After 24hrs, supernatant was removed and titrated dilutions appropriate 
for the experiment were made in 80ul total CTM. The presence of secreted IL-2 was 
assessed by the addition of 4x103 (in 20µl CTM), IL-2 dependent, HT-2 cells/well for 12 
hours135.  The relative amount of IL-2 was determined by the dilution well that contained 
>90% HT-2 cells alive after 12hrs.  10 units of IL-2 was equivalent to the endpoint 
located in the well with no dilution of the stimulation well supernatant. 
 Alternatively, I-Abβ-/- Fibroblasts (3T3 cell line) stably transfected with an I-Abβ 
self-peptide construct served as the APC. 1x105 MHCII+ Fibroblasts were co cultured 
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with 1x105 T cell hybridomas in CTM in 96 well plate wells for 24 hours and IL-2 was 
measured as outlined above. 
 
Production Soluble, monomeric TCR for Multimers 
 Soluble TCR was achieved by infecting Hi-5 insect cells in a 1L shaker flask with 
baculovirus encoding expression of the TCR protein with no transmembrane domains.  
The flasks received approximately 8x108 Hi-5 cells and were infected with 25mLs of 
high titer virus, 800mLs of 1:1 Ex-cell media 405 (Sigma +Antibiotic-antimycotic 
[Gibco, AntiAnti]), and complete graces medium (+AntiAnti, +10% FBS). The infected 
cells were incubated 6 days at 27ºC in a shaker (100 rpm).  
After 6 days, the expression supernatant was cleared of cells and debris by 
centrifugation (Beckman JLA 8.1000, 7000rpm, 30min, 4C).  The supernatant was 
filtered [0.2 μM polyethersulfone (PES) membrane] and stored at 4C until ready for the 
protein purification step. Filtered supernatant was passed over a sepharose anti-TCR Cβ 
(H57-597) coupled column.  The column was first eluted with 20% B (50mM 20% 
Na2CO3, 80% 50mM NaHCO3) to remove impurities. Afterwards, the soluble TCR was 
eluted off the antibody with 50mM diethylamine and neutralized with 0.15 volume 1M 
Tris pH 6.9.  The soluble TCR was buffer exchanged into PBSA [0.01M Na2HPO4, 
1.75mM KH2PO4, 26mM KCl, 0.138M NaCl, 0.l%NaN3, pH 7.4] and then further 
purified by FPLC size exclusion chromatography column (Superdex 200 10/300 GL)  to 
remove aggregated protein. The final soluble product was stored in PBSA at 4C until 
further use. 
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Soluble MHC Molecules  
 Soluble I-Ab molecules were generated in 1L shaking culture flasks. The flasks 
received approximately 5.2x108 Hi-5 insect cells with 25mL of high tier virus, 800mLs of 
1:1 Ex-cell media 405 (Sigma +Antibiotic-antimycotic [Gibco, AntiAnti]), and complete 
graces medium (+AntiAnti, +10% FBS). The infected cells were incubated 6 days at 
27ºC in a shaker (100 rpm).  
After 6 days, the expression supernatant was cleared of cells and debris by 
centrifugation (Beckman JLA 8.1000, 7000rpm, 30min, 4C).  The supernatant was 
filtered [0.2 μM polyethersulfone (PES) membrane] and stored at 4C until ready for the 
protein purification step. Filtered supernatant was passed over a sepharose anti-MHC II 
(M5.114) coupled column.  Columns were washed with 200 column volumes of PBSA. 
The column was first eluted with 20% B (50mM 20% Na2CO3, 80% 50mM NaHCO3) to 
remove impurities. Afterwards, I-Ab molecules were eluted with 90% B (90% 50mM 
Na2CO3, 10% 50mM NaHCO3) neutralized with 0.2 volume 1M Tris (pH 6.9).  The 
eluted proteins were concentrated using an Amicon Ultra 30kDa membrane spin column 
and buffered exchanged into PBSA. The proteins were further purified by FPLC size 
exclusion chromatography column (Superdex 200 10/300 GL) to remove aggregated 
protein. The final product was concentrated and stored in PBSA at 4C until further use. 
 
Multimeric TCR Reagent 
Soluble, monomeric TCR was multimerized to generate a fluorescent reagent with 
sufficient avidity to stain SF9 cells displaying MHC linked peptide complexes.  
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Combining soluble monomeric TCR and a fluorescent multimerizing reagent created the 
multimeric TCR staining reagent (Appendix D.2).  The multimerization reagent 
consisted of lightly biotinylated, anti-TCRCα (ADO304) coupled to streptavidin 
AlexaFluor 647 (Molecular Probes).  Once fully assembled, the fluorescent 
multimerizing reagent was purified by FPLC size exclusion chromatography (Superdex 
200 10/300 GL). Fractions containing coupled reagent were pooled and the concentration 
was determined via absorbance at 280nm (Thermo NanoDrop 1000). 
A 10x concentration of the TCR staining reagent consisted of 0.2μg/mL 
multimerizing reagent with differing molar ratios of soluble TCR in PBS [0.01M 
Na2HPO4, 1.75mM KH2PO4, 26mM KCl, 0.138M NaCl, pH 7.4].  The soluble TCRs 
were added to the core fluorescent multimerizing reagent at a 24:1 molar ratio to ensure 
saturation of the eight possible TCR binding sites.  A 50:1 molar ration TCR monomer 
was added to the core fluorescent multimerizing reagent as needed if subsequent 
experiments demonstrated the need ensure saturation of the TCR binding sites.  It is 
possible for up to eight soluble TCR molecules to bind each core, however there was no 
verification that the staining reagent was an octamer prior to use. Because of this, the 
staining reagent is referred to as TCR multimer. 
 
TCR Multimer Screen of Self Peptide Library 
To screen the self-library with TCR multimer, 3x105 SF9 insect cells were added 
to 24 well tissue culture plates in 500ul of graces complete media [supplemented Graces 
medium (Invitrogen) with 10% fetal bovine serum (FBS) and antibiotic-antimycotic 
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solution (Sigma)]. The cells were then infected with 5ul clonal baculovirus or 5ul of a 
pool of 5 different recombinant baculovirus. Three days post infection, Sf9 cells were 
harvested and put into 96 well plates. The cells were stained at a concentration of 3x107 
cells/mL in a total volume of 10µl with 1x TCR staining reagent and 1:200 17/227 PE for 
1 hour (Schematic in Appendix D.3). Cells were washed in 2% FBS/BSS [5.5mM 
glucose, 0.5mM KH2PO4, 1.3mM NaHPO4, 1.3mM CaCl2*2H2O, 5mM KCl, 138mM 
NaCl, 1mM MgCl2*6H2O, 0.8mM MgSO4, 15mM NaN3, 2%FBS] and resuspended in an 
appropriate volume of 2% FBS/BSS for flow cytometry (BD LSRII).  
 
Murine Stem Cell Virus (MSCV) Generation: 
In order to induce specific expression surface proteins in mammalian cells, we 
used murine stem cell virus (MSCV). TCRα and β chains as well as MHCα and β chains 
were individually cloned into a different MSCV vector with IRES sites encoding for 
either Puromycin or Neomycin and then sequenced to confirm validity of the insert. Prior 
for use in transfection, the DNA was ethanol precipitated in a tissue culture hood using 
syringe filtered (Millex 0.25µm PES) reagents for sterility. 
For initial virus production, each well of a 6 well plate was coated with 100 µg/ml 
poly D lysine (Sigma P0899) for 5 minutes at room temperature in H2O. Each well was 
then washed twice with PBS (0.01M Na2HPO4, 1.75mM KH2PO4, 26mM KCl, 0.138M 
NaCl, pH 7.4). Afterwards, Phoenix packaging cell line cells were plated at 4.5x105 
cells/well in IMDM (Iscove’s Modified Dulbecco’s Medium [Gibco w/L-glutamine and 
25mM HEPES no antibiotics). Afterwards, 100µl FBS was added (10%). The cells were 
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then incubated overnight 37ºC, 5% CO2. The next day, cells were washed twice with 2ml 
PBS or HBSS (Gibco, No Calcium, No magnesium) to remove serum. Afterwards, 2.5 ml 
of prewarmed IMDM with no FBS was added to the cells. 
6 µg of MSCV plasmid containing the desired protein was combined with 1.5µg 
of the pCLEco accessory plasmid in 240µl of IMDM. Separately, 6µl of lipofectamine 
(Life Technologies/Gibco) was added into a different tube of 250ul of IMDM and 
vortexed to mix. After a 5 minute incubation, the lipofectamine mixture was added to the 
DNA mixture and pipetted forcefully to combine. After a 20 minute incubation at room 
temperature, the solution was added on top of the Cells, rocking gently to mix. The cells 
were incubated for 4h at 37ºC, 5% CO2. Following incubation FBS was added to a final 
concentration of 10%. The next day, media was replaced with 4 ml IMDM (With 10% 
FBS, no antibiotics) and incubated once more overnight. The next day, supernatant was 
collected and stored in at 4ºC until used (for up to two weeks). Media was replaced once 
more to collect additional supernatant on day 5. Combined supernatant was spun down at 
2500 RPM for 10 minutes and then syringe filtered (Millex 0.25µm PES) for use. 
 
Spinfection of 5KCa/b Cells 
In order to make T cell lines using TCRs derived from sequencing, we utilized the 
5KC TCRα-/-β-/- cell line. The cells were transduced by different MSCV that individually 
encode for TCRα and TCRβ. The resulting transfectomas were used for T cell activation 
experiments. 
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 5KC TCRα-/-β-/- were plated in a 6 well plate in 2 mL of CTM134 at 1x106/mL. 
The plates were spun at 1000 RPM for 10 minutes with the break off to allow cells to 
adhere. The supernatant was removed and 4mL of filtered viral supernatant was added 
along with 8ug/mL of polybrene. The cells were spun at 1000xg for 2 hours at room 
temperature. Afterwards, the cells were incubated for 6 hours-overnight at 32ºC. 
Afterwards, cells were transferred to a T25 flask (Corning: Falcon) with fresh CTM 
media. After 2-3 days, antibiotics were added to select for transduced cells (5ug/mL 
Puromycin or G418 500ug/mL). Surviving cells were allowed to expand, and TCR and 
CD4 expression was then confirmed using flow cytometry (H157-597 and H129.19 
antibodies used respectively).  
 
Transfection of Fibroblasts 
MHCII-/- 3T3 fibroblast cells were used as antigen presenting cells for T cell 
hybrid stimulation18. To induce specific I-Ab expression, first MSCV retrovirus encoding 
the I-Ab-α chain with IRES expression of Thy1.1 were transduced into the cell line. Since 
Fibroblasts are adherent, all complete DMEM (Gibco, High Glucose + 44 mM sodium 
bicarbonate, 0.55 mM l-arginine, 0.27 mM l-asparagine, 1.5 mM l-glutamine, 1 mM 
sodium pyruvate, 50 mg/L gentamicin sulfate, 50 μM 2-ME, 10 mM HEPES, and 10% 
FCS) supernatant was aspirated from the culture flask and 1 ml 0.25% trypsin (Gibco) 
was added. The flask was incubated for 5 minutes at 37ºC. Cells were resuspended in 4 
ml DMEM and transferred to a 15ml conical tube. The cells were washed with 5 ml 
DMEM, counted and 1x104 cells were transferred to a new T25 flask in 1 ml DMEM. 6 
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ml of filtered, fresh viral supernatant harvested as outlined in “MSCV Generation” was 
added to the flask and the cells were incubated at 37ºC until confluent. Expression level 
of Thy1.1 was checked via antibody staining (OX-7) using flow cytometry (BD-LSRII). 
Transfection of the I-Ab- β chain linked with a peptide was repeated as outlined above on 
1x104 cells expressing Thy1.1. Expression levels of MHCII (17/227 or M5114) were then 
checked via flow cytometry. The I-Ab-β MSCV constructs used for these experiments are 
found in Appendix B.  
 
Protein crystallization conditions 
TCR:MHC complexes were acquired using equimolar concentrations of TCR 
purified from E. coli and pMHC purified from SF9 insect cells21. Hanging drop vapor 
diffusion was utilized with 0.5ul of each concentrated protein mixed within an equal 
volume of reservoir solution. Single crystals were obtained with for the 3H2-Ifitm3 in 
100mM Sodium Citrate (pH 5.6), 100mM Sodium Cacodylate (pH 5.6) and 13% (w/v) 
PEG 4K. Crystals for the 3H2-Mimotope structure formed in 100mM Sodium Citrate (pH 
5.7), 100mM Sodium Cacodylate (pH 5.7), 14% (w/v) PEG 4K, 0.5% (w/v) n-octyl-β-D-
glucopyranoside. For data collection, crystals were transferred to crystallization buffer 
containing 25% (w/v) glycerol and were flash-cooled by plunging into liquid nitrogen. X-
ray diffraction data were collected from a single crystal at 100 K with 1.4-0.90Å radiation 
at the LRL-CAT X-ray synchrotron beamline operated Lilly Research labs in Chicago.  
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Protein Structure Analysis 
Initial structural determination was obtained via molecular replacement using 
Phaser and the J809.B5-I-Ab-3K (B5) crystal structure with CDR loops and peptide 
residues removed as a model58,136. Density for TCR and MHC domains were observed in 
composite-omit maps using CNS137. These composite omit maps were used as a guide for 
model building during refinement. Cycles of automatic refinement were performed using 
Phenix, alternating with manual refinement in Coot138–140. Manual building was assisted 
by using the B5 TCR structure58. Molecule visualization, imaging, and angle of 
engagement were calculated in PyMol (Schrodinger, v1.7.4). Resolution cutoffs were 
determined based on CC1/2 (~0.30) and <I/σI> (<10) at the highest resolution shell.  
Structure models were aligned for comparison based on I-Ab MHCα and MHCβ 
loops. Surface interactions (BSA) were calculated using the PISA server with the default 
1.4Å probe setting141. Coordinate statistics and atom to atom distances were calculated 
using Phenix and the CCP4 protein analysis suite138,142. 
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Chapter III 
Constructing an I-Ab Self-peptide Display Library 
 
 
 
 
Introduction 
Nucleated cells and antigen presenting cells display exogenously or endogenously 
derived peptides on MHC molecules (pMHC) on their cell surface. T cells use their 
highly variable TCRs to engage with these pMHC molecules. Successful, sustained TCR 
signaling along with co-stimulation and cytokine signals provided by the APCs and 
surrounding tissues activate the T cell and influence their differentiation into different 
effector T cell types during an immune response3. MHC molecules present a unique 
challenge for TCRs because the receptors must recognize both a self-molecule in the 
form of the MHC helixes as well as the exposed amino acids of presented peptides within 
binding pocket of the MHC molecule. Additionally, T cell receptor recognition must 
accommodate for the fact that MHC molecules are the most polymorphic proteins in 
mammals6,7. This large diversity allows even related MHC alleles to present a broad 
assortment of different peptides. 
Classical MHC molecules can be sub-divided into two categories: MHC class I 
molecules that are typically recognized by CD8+ T cells and MHC class II molecules that 
are recognized by CD4+ T cells. Each of these MHC molecules are protein heterodimers 
that have similar domains. MHC I molecules have a main MHCα chain, which contains a 
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tilted β-sheet base and two α helixes that form a closed ended binding pocket. This main 
chain non-covalently associates with beta-2 microglobulin (B2M) to form a heterodimer. 
MHC class II molecules are composed of a MHCα and MHCβ protein, each with a β-
sheet base and one α-helix that combine to form an open ended peptide binding pocket. 
There are also other types of “non-classical MHC” whose antigen cargo can be lipids or 
sugars but the total extent of what is displayed is much less defined36,37. 
 
Peptides are non-covalently anchored within peptide binding pockets of an MHC 
molecule. MHC I molecules have a closed ended peptide pocket with somewhat stringent 
requirements for peptide length and the peptide amino acids that serve as anchor 
residues47. In contrast, MHC II molecules are open ended and capable of binding much 
longer peptides118. Despite greater peptide length, there are typically only 9 peptide 
amino acid residues in the TCR-pMHC II interface49,52. 
Peptides eluted from MHC molecules are often used to determine the peptide 
binding registers and anchor residues. However, the anchor residues of longer peptides 
bound by MHC II can be difficult to determine. This is because the peptide binding 
pockets of MHC II alleles also appear to be less specific than MHC I pockets, further 
complicating these predictions8. 
 
Examining protein crystal structures to characterize peptide binding pockets in 
MHC II alleles is one solution for predicting the binding motif of presented 
peptides8,46,52,53,132. In C57/BL6 mice, the MHC II allele is H-2A with the haplotype b 
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(also known as I-Ab). Protein crystal structures of I-Ab presenting a peptide revealed that 
the binding pockets appear quite flexible in their requirements for anchor residues53,132. 
This property allows a large assortment of different peptides to bind.  
For example, in the structure of I-Ab presenting the 3K peptide, the 3K anchor 
residues were all Ala (found at p1, p4, p6, and p9 of the peptide), which left the binding 
pockets of MHCII molecule mostly empty. However, there were extensive interactions 
between I-Ab residues and the peptide backbone (a property that likely increases the 
potential number of binding peptides) as well as amino acids R groups towards the N 
terminal end of the peptide53.  
Additional analysis of the peptide binding pocket came from a structure of I-Ab 
with the human CLIP peptide. The CLIP anchor residues were more diverse than the 3K 
structure, with a Met, Ala, Pro, and Met at positions 1, 4, 6, and 9 respectively. Pockets 1 
and 9 were extensively filled by the Met in the I-Ab-clip structure. I-Abα and β chain 
amino acids that surround and contribute to interactions with the p1 residue suggested the 
pocket could accommodate large and/or hydrophobic amino acid residues such as Phe 
and Tyr. Hydrophilic amino acids located around P9 pocket also suggested that a larger 
spectrum of amino acids could be accommodated in this position, further broadening the 
number of potential peptides and registers that could fit into this binding pocket. 
However, the p4 and p6 pockets of I-Ab are surrounded by large, hydrophobic residues 
that greatly restrict the size of the pocket and limit potential peptide anchor residues to 
smaller, hydrophobic amino acids. These structures revealed the broad flexibility of these 
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peptide binding pockets and have provided a means to predict binding registers of I-Ab 
peptides53,132. 
Knowing the properties of peptide binding pockets of MHC alleles is useful in 
developing large scale libraries of mimotopes and known peptides to study T cells 
activities to different peptides. These kinds of peptide libraries are useful tools in 
immunology that are used to identify and manipulate peptide ligand/T cell receptor pairs. 
Many libraries utilize large numbers of randomized peptides or a series of single amino 
acid mutations of known activating peptides to carry out experiments to find varying 
affinity epitopes31,143 as well as related real peptides or allopeptides46,57,103. Additionally, 
they have been used to measure TCR cross reactivity144 and the peptide specificity of 
some TCRs73,99,145,146.  One strategy is combine pools of soluble, synthesized peptides 
with APCs to activate target T cells in order to learn their specificities. For example, 
synthetic peptide mimotope libraries were used to find activating peptides for TCRs of 
interest128,129,147. 
Another kind of library utilizes MHC-linked peptides to find peptide/receptor 
pairs73,131. One such system utilizes baculovirus as a platform to create MHC-peptide 
linked display libraries131. These baculovirus can be used to infect SF9 insect cells, 
inducing cell surface expression of specific, single pMHC molecules131. For example, 
baculovirus encoding a synthetic mimotope library of independent clones linked to the 
MHC molecule I-Ag7 was used to identify a self-peptide that activates the diabetogenic 
BDC2.5 TCR57. The sequence of the mimotope bound by a soluble version of this TCR 
shared similarities with a peptide portion of the self-peptide Chromagranin A. 
57 
 
Challenging the BDC2.5 TCR with this self-peptide caused activation, thereby 
demonstrating that a mimotope could be used to identify sequence similar self-peptides 
bound by autoreactive TCRs57.  
A common advantage of randomized libraries is the large diversity of peptide 
sequences within them. However, there may not always be a corresponding real world 
antigen for any given mimotope128,129. Because of this, some studies have employed pools 
of defined peptides known to associate with an MHC allele. For example, a library of  83 
soluble self-peptides bound by the MHC I-Ek were used to find self-allopeptides for H-
2A restricted, alloreactive T cells104. These kinds of methods skip an intermediate of 
finding a peptide mimotope before identifying a related, real world activating self or 
foreign peptide. 
Because of the usefulness of a defined peptide library, we reasoned it would be 
beneficial to create a self-peptide display library to identify the cognate antigens of self-
reactive receptors. Previously established I-Ab self-peptides reported in literature as well 
as additional peptides found in the immune epitope database allowed us to collect large 
number of peptides to include in the library53,130,148–150.  We chose the baculovirus display 
system because it had many established tools that enable different kinds of screens 
making it a flexible platform131. The nature of this baculovirus display library also limits 
the presented peptides to those that can actually bind the MHC molecule, thereby 
identifying legitimate I-Ab binding peptides. This is largely because the I-Ab MHC II 
molecule is quite unstable when not loaded with a peptide, and cannot properly fold and 
be presented at the cell surface. With these resources in hand, we engineered an I-Ab self-
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peptide display library containing approximately 300 unique self-peptides to use in future 
experiments. 
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Construction of Self-Peptide Library 
The self-peptide library created here is built by the tools generated for baculovirus 
peptide display libraries131,145. Much of the manipulation is performed on the pBacpHp10 
plasmid which is then recombined with linearized baculoviral genomic DNA to produce 
functioning baculovirus capable of inducing the expression of proteins of interest in 
infected insect cells (See Chapter 2 Materials and Methods).  
The self-peptide portion of the construct is connected to the MHCβ chain via a 
flexible glycine linker (Example sequences can be found in Appendix B). This ensures 
the cloned peptide is the only peptide present on all the I-Ab molecules present on the cell 
surface. For the purpose of infecting insect cells, this linker and peptide is required 
because empty I-Ab is unstable and will not properly assemble.  
Additionally, the library is quite modular, and peptide encoding sequences can 
easily be sub-cloned to different vectors using two restriction enzyme sites flanking the 
peptide sequence. For example, plasmid constructs could include transmembrane 
domains to induce cell surface presentation of the peptide MHC sequence (Figure 3.1). 
Other constructs can be engineered with a stop codon prior to the transmembrane 
domains for production of soluble peptide MHC or attached with a BirA tag for the 
production of MHC tetramers. And lastly, these peptides could easily be sub-cloned into 
a MSCV retrovirus expression system to infect mammalian cells and induce expression  
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  Figure 3.1:  Schematic of pBacp10pH Cloning locus. A) Overview of locus 
with indicated I-Ab proteins under control of the p10 and pH promoters. The 
library peptide linked to the I-Ab main chain. Zipper regions linked to the I-Abα 
and β chains assist with complex refolding. There is a transmembrane encoding 
region at the end of the I-Ab β chain for surface expression. B) Model 
schematic of assembled pMHC complex with peptide, flexible linker, and 
transmembrane domain attached to the I-Abβ chain. 
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Figure 3.2: Schematic of promotor controlling I-Abβ protein expression by MSCV. 
I-Ab chains need to be independently transduced in mammalian cells for expression. 
MfeI or EcoRI and BspeI were used to subclone library peptides from pBacpHp10 
vectors into the pMSCV vector. Construct results in Thy1.1 through an IRES and can 
be used to identify cells that were successfully transduced. 
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of this self-peptide-I-Ab construct, broadening the number of experiments that can be 
performed (Figure 3.2).  
Peptide Origins 
 The self-peptides chosen for this library come from multiple sources. The first set 
originated from studies investigating the binding register of I-Ab 53,132. Other peptides 
were from mass spectrometry analysis of peptides eluted from bulk splenocytes or splenic 
dendritic cells148,149. These studies noted that the peptides eluted here were derived from a 
variety of different protein sources. The remainder of peptides came from the public 
Immune epitope database (Iedb) online resource (accessed 2013)130.  Most of the Iedb 
self-peptides were eluted from BMDCs infected with Chlamydia muridarum150. In this 
study, the identity of these peptides were determined via liquid chromatography coupled 
with mass spectrometry analysis150.  
Of all these gathered peptides, ones that did not originate from proteins expressed 
in Mus musculus pruned from the list. Peptides were then arranged based on the protein 
of origin and repeated sequences were removed. The remaining peptides came from a 
broad assort of proteins ranging nuclear to extracellular compartments and including 
transcription factors as well as membrane bound receptors. These remaining peptides 
were kept and aligned in order to predict their peptide binding register.  
The actual total representation of these self-peptides in comparison with the 
overall self-peptidome of I-Ab is a lot more difficult to determine. Since the library was 
made, more data has been gathered and even more self-peptides have been eluted from 
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the I-Ab MHC molecule. A recent study found ~3000 different peptides from I-Ab 
molecules from murine lymphoma cell lines151. The total overlap of these peptides and 
the ones built within the library has not been examined. Additionally the overall 
frequency and abundance of individual library peptides within I-Ab molecules is not 
clear. However, this new data suggest the library represents a smaller fraction of the total 
self-peptides capable of binding I-Ab. 
 
Motif Prediction was based on I-Ab structural studies 
Before primers encoding the peptide were designed for library construction, some 
of the peptides needed to be truncated. Peptides eluted from I-Ab molecules can vary in 
length due to MHC class II molecules’ capacity to bind long peptides. Some peptides 
might even support multiple potential binding registers due to their length, making it 
difficult to properly choose a core peptide. Longer peptides are also prohibitive for 
cloning because longer primers become increasingly expensive and difficult to use for 
DNA amplification. 
In order to select core peptides, we manually predicted which amino acids were 
used as anchor residues based on the I-Ab peptide binding pockets53,132.  Truncations were 
made for each peptide based on their amino acid sequence in an effort to include amino 
acid residues that have a high likelihood of associating with the I-Ab binding pocket. 
Since the binding pocket of I-Ab is so flexible, some guesswork was required for peptides 
with residues that do not follow the general rules for I-Ab association. As was noted 
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previously, the p1 pocket of I-Ab is large and hydrophobic, and previous work noted an 
enrichment of peptides with a Tyr or Phe in this position53. Because of this, peptides with 
a Tyr or Phe near their N terminal were truncated as if this residue fit in p1, adjusting 
minimally if a large or highly charged residue was positioned at the small p4 and p6 
positions. If the peptide did not contain Tyr, Phe, or a similar bulky residue ideal for p1 
associate, it was aligned such that the p4 and p6 positions had small hydrophobic residues 
such as Ala, Gly, and Pro. If a peptide consisted of majority small, hydrophobic side 
chains, multiple truncations were made in order to find the exact binding register. A 
similar approach was taken if the peptide appeared to have residues that made it 
exceedingly difficult to align based on multiple residues at non-ideal locations.  
To increase the chances of a successful prediction, we left additional amino acids 
beyond the 9 core residues typically found in the interface in order to generate library 
peptides composed of approximately 12 amino acids. The flexible glycine linker 
connecting the peptide to I-Abβ would provide wiggle room to allow peptides to associate 
with the I-Ab binding pocket. Peptides that were smaller than 12 amino acids were 
extended to be 12 amino acids by addition of glycine residues at the C terminal to extend 
the linker.  
The numbers, assigned names, truncations, and predicted alignments of self-
peptides can be viewed in Appendix C. Please note that the columns indicating the 
anchor residues are merely predictions, and the actual residues could be shifted. 
Truncations that come from the same peptide, but are slightly different alignments are 
grouped together by a black box around the library number and are ordered sequentially. 
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Primer Design and Cloning 
 
Reverse primers were designed for each of the predicted peptides using optimized 
nucleotide codons for expression in insect cells. These primers carried partial overlap 
with the pBacp10pH construct for annealing, peptide encoding nucleotides, and a 
restriction enzyme site to use for cloning (Figure 3.3a). The primers used for each self- 
peptide construct can be found in Appendix C. More detailed information of the cloning 
methods and generation of recombinant baculovirus can be viewed in Chapter 2.  
Briefly, these primers were used to amplify a portion of this plasmid and were 
then cloned directly into the pBacp10pH expression vector (Figure 3.3 schematic). The 
sequences of resulting plasmids were then checked to confirm the correct self-peptide and 
frozen bacterial stocks were made for each to produce more plasmid as needed. These 
plasmids were then recombined with linearized baculoviral genomic DNA to produce 
recombinant baculovirus. This baculovirus could then be used to induce expression of I-
Ab linked with the peptide in insect cells they infect. However, not every peptide within 
the library was successfully cloned and are indicated as such in Appendix C. The 
predicted motif and primer sequences are still provided for these as a reference. 
 
Expression levels of peptides 
The act of constructing the library revealed which eluted peptides are actual 
epitopes of I-Ab. In this baculovirus display system, surface expression of pMHC only  
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Figure 3.3: Cloning schematic for library peptides: A) Example sequence of a 
library reverse primer. They contain a 15 nucleotide overlap with the sequence up 
stream of peptide encoding nucleotides, nucelotides encoding the self-peptides, and 
additional nucleotides downstream of the peptide including a restriction enzyme 
site. B) The PCR reaction was performed using pBacp10pH as a template, a 
universal pBac forward primer and a reverse primer encoding the self-peptide. C) 
The resulting PCR product prior to digest. D) Product encoding self-peptide post 
digest used as new insert for pBac plasmid. 
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occurs if the peptide can properly associate with the MHC binding pocket. If the peptide 
does not associate, the protein is unstable and the complex does not properly assemble. 
The total number of peptides with confirmed expression totaled approximately 329 
(Figure 3.4). This number includes multiple truncations of the same peptide if they both 
expressed. The expression levels of at least 20 constructs were not confirmed due to 
various loss steps in library construction. Of the library peptides that made it to the 
baculovirus step, 32 constructs did not induce surface expression of MHC on infected 
cells (Figure 3.4). These peptides are indicated in the expression column of Appendix C. 
This non-expressers may represent peptides with improperly predicted truncations. It is 
also possible that they are not be actually presented by I-Ab. 
Of the peptides that do bind, there is a range of expression levels that differ from 
peptide to peptide. This difference in expression of different peptides in baculovirus 
display systems has been correlated with the affinity stability of peptide binding152. 
Because individual baculvirus constructs were used for TCR multimer screens, multiple 
datasets of expression levels for each construct were collected over different experience. 
We used the MHC+ expression data from these flow cytometry experiments classify the 
relative expression level of each pMHC construct.  
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To do this, the geometric mean of MHC II expression by expression levels of 
MHC II+ insect cells was determined for each construct and normalized to the geometric 
mean expression seen by the Eα peptide construct. The Eα peptide was chosen because it 
was consistently used as a negative TCR binding control for library screens and it is a 
highly abundant peptide found in the I-Ab molecule of mice with this allele53,153. 
Additionally, normalization between experiments allowed the data to be more 
comparable. Peptides were categorized into relative high (>0.70), medium (0.70-0.40), 
and low (0.1-0.40), and null (<0.1) cutoffs. The category of each peptide construct fell 
under is indicated in the expression level column in Appendix C. A summary of the 
number of High, Medium, Low, and Null expressers are found in Figure 3.4. There is 
even spread of peptides in each category, which may reflect stochastic differences in the 
affinity and stability of different peptides loaded into MHC molecules. However, direct 
measurements for these properties were not determined here, but could be subject to 
future investigation. 
 
Library Screening/Utilization 
 
This peptide library was successfully used to screen alloreactive TCRs and natural 
T regulatory cell TCRs for cognate self-peptides. The results from the screens are 
presented the following Chapters 4 and 5 of this thesis. The screening process was 
carried out primarily via two different methods. 
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Figure 3.4 Summary of library peptide expression: A) Bar graph indicated the 
number of library peptides whose expression levels relative to the Eα construct 
place them in the indicated categories. Undetermined constructs may still 
express, but data sufficient data was not collected. B) Table summarizing the 
results from A. 
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The primary method used to screen this library was via soluble TCR Multimers 
(Schematics in Appendix D.1-D.2). TCR multimers bind pMHC expressed on the 
surface of infected SF9 cells with distinct specificity to different peptides131,145. While the 
strength of binding for each TCR multimer does not provide exact data on the avidity of 
the interaction, it can be used as a comparison to draw relative comparisons between 
different peptides. Pools of baculovirus are much less effective for screening because 
weaker interactions can be completely masked. This is evident by the reduction of signal 
observed when combining a T cell’s high affinity antigen, with four non-binding self-
peptides. For example, the Yae62.8 TCR Mulitimer binds strongly to its immunizing 
peptide, 3K (Figure 3.5). However, this signal is greatly reduced upon adding additional 
peptides. Because of this masking, individual library constructs were used to screen T 
cell multimers. Any peptides that were bound by a T cell multimer were then used in 
activation experiments to confirm reactivity.  
 Multimer staining shows that the TCR can engage the screened pMHC construct, 
but does not fully predict if this interaction can activate a T cell. Because of this, 
multimer screens are best paired with a subsequent test for activation. This may be 
because the binding kinetics of the TCR-pMHC interaction may be unfavorable or that 
the TCR engages in orientation that is prohibitive for T cell signaling. This means the 
readout of activation is a higher bar to achieve than multimer binding in terms of 
identifying legitimate ligands. 
Another method of screening was purely through T cell activation assays 
(Chapter 2 Materials and Methods). Pools of 5 baculovirus were assembled in matrixes  
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Figure 3.5 Pooled baculovirus mask low affinity peptides bound by TCR 
multimers: SF9 insect cells were infected with the indicated baculovirus. 3 
Days post infection, cells were stained with 17/227 to indicate MHC expression 
and with Yae62.8 TCR multimer. The Yae62.8 T cell multimer stains I-Ab 3K 
with noticeable affinity (Far Left). However, addition of 4 non-binding peptides 
reduces this signal (Far Right). This reduction of signal causes low affinity self-
peptides present in pools alongside non-binding peptides are hard to detect 
(Middle). 
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that screened 25 total peptide constructs (Appendix D.3). Additional library self-peptides 
were also used to screen for activation on an individual basis if they were not included in 
one of the matrix pools. B7/ICAM Insect cells were infected with the pools of virus and 
T cell transfectomas were challenged for activation. The intersection at the row and 
column of two pools that activate screened T cell pinpoints the activating peptide, and 
reduced the total number of activation screens that needed to be performed.  
Both of these methods are completely viable for screening TCRs for activating 
self-peptides, and each provide useful information about the T cell receptor. A 
combination of both is ideal as they provide supplemental information that can be used to 
characterize the TCR-pMHC interaction. However, one method can sometimes be more 
useful than another for the overall library screen. For example, activation can be 
advantageous over screening via multimers because it can identify real self-peptide 
ligands without an intermediate step. Additionally, some soluble TCRs are less stable 
than others or may not produce functioning TCR multimer. In these circumstances, 
screening via activation is preferred.  
Some T cell hybrids and transfectomas can generate high background during 
activation screens and can mask legitimate activating wells. In these cases, using a 
multimer to screen for specific peptides to challenge would reduce the size of the 
activation assay. TCR multimers can also be used to isolate mimotopes from randomized 
libraries in order to better classify a TCRs peptide specificity. 
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Discussion 
A key contribution to the adaptive immune response are peptide MHC molecules 
presented by nucleated cells (MHC I) and specialized antigen presenting cells (MHC I 
and II). Self-peptides displayed by these MHC molecules are the targets of self-reactive T 
cells. One difficulty in studying the self-peptide specificity of these self-reactive T cells is 
finding a legitimate corresponding self-peptide. Peptide libraries are typically used to 
screen T cells and T cell receptors for cognate antigens. In order to investigate the self-
peptide specificity of different T cell receptors, we constructed a self-peptide display to 
induce cell surface expression of specific self-peptide MHC complexes. 
We compiled a list of self-peptides eluted from I-Ab and we manually predicted 
which epitopes bind the I-Ab binding pocket, using data gathered from crystallography 
studies of the I-Ab molecule53,132. 32 library constructs did not properly express, 
indicating that some reported peptides may not actually associate with I-Ab. It is also 
possible the binding register was incorrectly predicted. However, this data demonstrates 
that many eluted self-peptides found in the immune epitope database and in previous 
studies are legitimate I-Ab binding self-peptides. 
Based on flow cytometry analysis of infected cells, there were a range of apparent 
MHC expression levels across the peptide constructs. This may reflect overall differences 
in the stability and affinity of peptide binding152. In this case, more highly expressed 
surface I-Ab may indicate higher affinity stable peptide binding, whereas low expression 
would represent weak interactions. If the amino acid motifs for individual peptides could 
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be precisely identified, the consensus amino acid motifs of peptides from different 
expression categories could be determined. This may reveal patterns in what anchor 
residues influence stability of different peptides bound to I-Ab. This kind of information 
would be important in shaping the way peptide targets are chosen for vaccine 
development or cancer research. 
 However the actual stability and peptide binding affinity for each of these 
peptides to I-Ab cannot explicitly be determined by these data. This data also cannot 
predict the relative abundance of a peptide on APCs. Instead, these results could be used 
as a branching point for future projects investigating the peptide binding register for I-Ab. 
Further experiments such as competition and binding assays would have to be performed 
to see if these expression levels accurately reflect the affinity and stability of peptide 
binding. There are a multitude of different self-peptides within the library that can be 
further characterized, especially those containing amino acids that do not have a clear I-
Ab register, yet can associate with the binding pockets and surface MHC expression. 
Constructs for peptides with multiple truncations would also be a great place to start 
because data for their relative expression is already available here. 
Self-peptide display libraries using MHC linked peptides are useful for expressing 
single pMHC complexes. For baculoviral induced I-Ab expression, covalently linking the 
peptide to an MHC chain via a flexible linker ensures proper assembly in insect cells as 
they lack the machinery to load the I-Ab on their own. If the system is moved to 
mammalian cells, this linker prevents cells from loading their own internally processed 
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self-peptides onto I-Ab.  Because of these reasons, the peptide linker is a necessary 
component of the self-peptide library. 
However, the presence of this linker is an artificial component to the system, and 
can provide additional contact points for a TCR engaging the pMHC complex (Further 
discussed in chapter 5). The linker may artificially increase the apparent TCR avidity or 
level of T cell hybrid activation towards a given peptide. Addition of soluble versions of 
self-peptides to APCs in activation screens is not a perfect solution because there is still 
an assortment of endogenous self-peptides found within the APC population that may 
also activate the challenged self-reactive cell. In this case, it may be important to find 
APC populations that do not activate the tested self-reactive cells at steady state 
unstimulated conditions. However, it is important to keep these caveats in mind when 
using this type of self-peptide library. 
One of the challenges in establishing a representative, defined peptide library is 
identifying the peptidome of the MHC allele. The current trend for assaying the 
abundance and identity of the peptides that compose the peptidome of different APCs in 
different biological settings is through mass spectrometry151. Advancements in liquid 
immune-affinity chromatography coupled with mass spectrometry techniques can provide 
the data for larger scale and more encompassing, quantitative libraries that that even 
represent specific APC populations151,154. 
Recent technologies have also emerged that combined a selection of defined 
pMHC class I multimers coupled with a DNA bar code to find both high and low affinity 
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T cell responders from T cell populations155. These new techniques can be useful for 
identifying populations of self-reactive cells during autoimmune disease as well, but rely 
on production of stable tetramers and successful exchange with each given peptide155. 
Coupling the new data that is being generated on the peptidome of individual APCs with 
high throughput screening techniques like this or others could be the next step in using 
peptide libraries to find the specificities of any T cell of interest. 
. 
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Chapter IV: 
The Peptide Specificity of Highly Cross-reactive and Alloreactive Receptors 
 
 
 
 
Introduction 
 
The number of potential different pMHC molecules expressed on APCs may 
exceed the total number of TCRs expressed by T cells found in mice and humans72. 
Because of this, T cell TCRs are required to capable of binding and recognizing multiple 
peptide-MHC complexes70. This property is known as cross reactivity.  
The molecular mechanisms that dictate how TCR achieve cross-reactivity and 
maintain peptide specificity has been the subject to much research19,22–24,28,70,73. One 
recent argument is that cross reactivity exhibited by T cells is not due to overtly 
degenerate peptide recognition, but due to the establishment of peptide hotspots over 
similar amino acid residues between sequence related peptides73. These peptide hot spots 
would contribute the largest portion of the required binding energy from peptide contacts, 
allowing other peptide residues to be more flexible and increase the number of potential 
pMHC targets. 
Studies carried out to determine what shapes the cross reactivity of T cells have 
revealed that thymic selection greatly influences peptide-specificity18,78,79,81. This is 
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accomplished by removing T cells expressing TCRs that primarily engage the main chain 
MHC in favor of TCRs that make more contacts with the presented peptide81. Limiting 
negative selection by reducing the total number of selecting pMHC molecules results in a 
T cell repertoire that expresses TCRs with incredibly degenerate foreign peptide 
recognition18,78. This means that these TCRs can associate with many different potential 
peptides. Most analysis on these kinds of receptors have characterized this degeneracy 
based on experiments using single amino acid substitutions to map the contribution of 
amino acids within the peptide and MHC molecule to TCR binding18,30,58,145. The 
receptors from SP mice are also quite self-reactive, however it is unclear if self-peptide 
recognition is just as degenerate as foreign peptide recognition. 
 
The peptide specificity of alloreactivity 
Thymic selection also results in a T cell repertoire that is restricted to pMHC 
complexes expressed by the host. T cells that are overtly reactive to syngenic MHC 
molecule are normally deleted 12. However, this does not eliminate T cells that are highly 
reactive to foreign MHC molecules from the T cell repertoire. This overt recognition of 
foreign pMHC complexes by T cells is known as alloreactivity. This phenomenon is 
clearly observed in the context of medical situations involving organ or hematopoietic 
stem cell transplantation.  
The frequency of alloreactivity in the naïve T cell repertoire is high97. However, T 
cells often exhibit different rates of alloreactivity, and some receptors are not detectably 
alloreactive to any challenged MHC allele98–100. It is not completely clear why some T 
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cells are more or less alloreactive. However, the molecular interactions that drive 
alloreactivity are often described by two different models. One model suggests TCRs 
primarily utilized germline encoded TCR residues to recognize differences between the 
two different MHC molecules with little to no specificity to the peptide being 
presented19,21,23,28,43,101. The other model suggests differences between the peptide 
repertoires presented by the different MHC molecules is the driving force behind 
alloreactivity. This latter view emphasizes peptide specific recognition by alloreactive 
TCRs76,99,103,104.  
In reality, there is a range of different specificities, and alloresponses not driven 
purely driven by MHC or peptide recognition alone. One model that attempts to establish 
rules for the peptide specificity of alloreactive responses105. The model posits that the 
more closely related the allo and syngenic MHC molecules are, the more peptide specific 
the T cell response. In contrast, larger differences between MHC alleles would result in a 
response that is peptide degenerate80,105. There is evidence that both supports80,105,106 and 
disputes28,104 this model. Because of this, it needs to be tested and expanded upon by 
additional experiments. 
The observations that form the basis of this model may be the result of negative 
selection increasing sensitivity to alloreceptors. The T cell selection process plays a role 
in determining the foreign peptide specificity of T cells by balancing TCR interactions 
between the peptide and MHC molecule18,78,81. Specifically, negative selection shapes the 
T cell repertoire by eliminating excessively cross-reactive or unreactive TCRs by 
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challenging them against syngenic pMHC molecules60,81. Thus the selection process is 
limited to MHC molecules expressed by the host.  
However, alloreactive responses are against foreign pMHC molecules. This 
means that negative selection cannot directly shape the peptide specificity of 
alloreceptors because the foreign MHC is not present in the thymus. Instead, negative 
selection may indirectly shape the peptide specificity of alloreactive TCR repertoires if 
the foreign and sygeneic MHC alleles are highly similar. The corollary to this is that 
negative selection may not shape the peptide specificity of TCR repertoires reactive to 
disparate MHC alleles. This might explain how alloreactivity between similar MHC 
alleles appears peptide specific, however evidence supporting this argument is sparse. 
 
Models to study cross-reactivity and peptide specificity 
TCRs from T cells in mice undergoing differing levels negative selection are good 
models to explore how thymic selection shapes self-peptide specificity and the peptide 
specificity of alloreactivity18,58,78. Developing T cells from the single peptide mouse 
model experience extremely limited selection against one pMHC molecule156,157. In these 
mice, T cells expressing TCRs that have no peptide requirement for binding pMHC are 
eliminated during selection. The receptors that remain can bind foreign peptides and 
mimotopes with high degeneracy, are self-reactive, and are alloreactive18,78. This is 
because, these receptors establish “hot spot” contacts with MHC using conserved 
germline residues that allow for fairly degenerate foreign peptide recognition which may 
explain their high self reactivity21,58.  
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Despite this, peptide recognition might not be completely degenerate and should 
be further explored. The cross-reactivity of conventional T cells appears to be the result 
of establishing hot spots over particular peptide amino acid residues73,146. However, the 
required number of hot spots might be much fewer for the TCRs from SP mice. At the 
same time, these receptors may also tolerate multiple related amino acids, rather than 
require specific residues at these hot spot sites. The specificity of the self-reactive 
responses by these receptors has also not been fully explored because there is a lack of a 
large assortment of bona-fide self-peptides.  
One model system that can be used to study how selection shapes the peptide 
specificity of alloreactivity is a single MHC allele knockout mouse. For example, H2-
Ab1-/- mice crossed onto the C57BL/6 background would produce T cells that do not 
undergo selection on a MHC II molecule (I-Ab). T cells that respond after immunizing 
these mice with a peptide displayed by I-Ab would thus be alloreactive and can be used 
for further characterization.  
However, the difficulty in studying peptide specificity of responding alloreactive 
T cells is finding other, legitimate allo-peptides. A general approach utilized by us and 
others is to use soluble peptide libraries of defined antigens or peptide display libraries 
presenting either mimotopes, self-antigens, and foreign antigens73,99,105,145. Finding 
multiple peptides that these alloreactive receptors bind using mimotopes and self-peptides 
would further test how selection shapes the peptide specificity of alloreactivity. 
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Receptors used in study  
 For this study, self-reactive and alloreactive receptors from mice with unique T 
cell selection conditions were utilized. The TCRs, their source, and alloreactive activities 
can be viewed in Table 4.1. Sequences of the receptors can be viewed in Table 4.2. To 
act as a control for these experiments, the conventional T cell TCR J809.B5 was used. 
This receptor was isolated from a MHCWT Yaeβ mouse immunized with 3K58. This 
receptor is self-tolerant and is highly specific to the ‘model’ foreign 3K peptide (I-Ab-
3K)58. 
The T cell receptors Yae62.8 and 75-55 were expressed by CD4+ T cells isolated 
from single peptide mice (SP) mice immunized with I-Ab-3K. These SP mice express I-
Ab-Eα as the only pMHC molecule18. T cells from SP mice experience very limited 
negative selection, which results in a TCR repertoire that includes T cells that are highly 
MHC and peptide cross-reactive and self-reactive18.  
Yae62.8 and 75-55 both fit into this category of receptor. The Yae62.8  TCR is 
absent in periphery of wild type CD56BL/6 mice because it is deleted under normal 
circumstances18.  Both receptors bind many different alleles of MHC including both 
MHC I and II (Table 4.1). They can still form productive interactions with multiple I-Ab-
3K single peptide mutations, demonstrating peptide degenerate recognition of their 
immunizing antigen18,77.  Both receptors are also self-reactive and can be activated in the 
presence of I-Ab expressing APCs30,58. The 4.B1, 4.A5, and 4.A6 TCRs are MHC cross 
reactive receptors isolated from Vβ8.2 Yaeβ I-Abβ-/- TCR transgenic mice58. Peripheral T 
cells from these mice undergo more stringent selection than those from SP mice. This is 
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Table 4.1: Profile of Cross Teactive and Alloreactive TCRs. 
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Table 4.2: The TCR chain usage and CDR sequence of Cross-reactive and 
Alloreactive receptors 
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because these mice are still sufficient for MHC I and non-classical-MHCs. The peripheral 
T cells also all express the same TCRβ chain, but can paired with different combinations 
of TCRα chains to yield different specificities30,58. To generate the above receptors, these 
mice infected with vaccinia virus expressing the foreign 3K peptide fused to the I-Abβ 
chain58. This virus restores the deleted I-Abβ chain in infected cells and results in I-Ab 
displaying only the 3K peptide.  
Because none of these I-Ab-3K binding receptors experienced selection on an I-Ab 
molecule, they are by nature alloreactive to this MHC. 4.A5 and 4.A6 also bind the non-
classical MHC, CD1d. However the reactivity to all the other alleles for these receptors is 
not known. 4.B1, 4.A5, and 4.A6 all respond to self-allopeptides because they can be 
activated in the presence of I-Ab expressing APCs58. However, the peptide specificity of 
these interaction is unclear because the identity of these activating peptides are unknown. 
Because of this, interactions with these self-peptides might be different from those with I-
Ab-3K or other foreign allopeptides.  
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Results 
Foreign peptide specificity of an alloreactive T cell is degenerate 
A general approach to study peptide specificity of T cells in general is to use 
soluble peptide libraries of defined antigens or display libraries presenting either 
mimotopes or defined antigens73,99,105,145. The foreign reactivity of alloreactive receptors 
examined here was primarily investigated through the use of mimotopes within a 
randomized baculovirus library145. The mimotopes came from two different libraries with 
differences in what amino acid residues were randomized. One library contains 
mimotopes that vary the solvent facing p2, p3, p5, p7, and p8 amino acid residues, and 
the other varies in all these residues plus the p-1 peptide position.  
The mimotopes used to examine foreign peptide specificity here were sorted from 
the peptide libraries via TCR multimers from receptors expressing the Yaeβ chain, and 
Vα2+, but encode different amino acids in their CDR3α sequence. Yae62.8, J809.B5, and 
4.B1 multimers themselves were not used to isolate individual mimotopes for this 
experiment, but could be used to find additional, higher affinity peptides for comparisons. 
These mimotopes were chosen because they might be bound by the screened TCRs via 
broader range of affinities. 
Each of these mimotopes were individually stained by either Yae62.8, 4.B1, or 
J809.B5 protein multimer to determine relative binding avidity for comparisons between 
them (flow plots in Appendix E.1-E.3). 75-55 TCR multimer was made, but the reagent 
did not stain positive controls, so could not be used for this analysis (Appendix E.4). 
Relative binding to 3K was calculated based on the MFI of TCR staining on each 
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mimotope (MFI of staining can be found in Appendix E Table 1). Multimer binding 
with larger MFI typically correlates with a stronger interactions. 
Previous work has used Yae62.8 TCR multimer itself to isolate mimotopes from 
this library, and these will be included for comparison145. The data collected here are 
largely in support of the previous observations for the foreign peptide specificity of 
Yae62.8 18,145. The Yae62.8 TCR multimer bound a large number of different peptide 
mimotopes (Aligned in Figure 4.1A. The amino acid composition of these mimotopes is 
quite varied, just like mimotopes isolated previously by using the Yae62.8 multimer itself 
in an earlier study (provided in Figure 4.1B). The degree of residue similarity of a 
mimotope to the 3K peptide did not necessarily reflect the resulting relative avidity of 
binding for the Yae62.8 multimers. This is because some mimotopes are bound with 
similar or greater MFI than 3K despite only having a few related peptides (Figure 4.1A-
B, compare 3K, O1.A6, FC.1, FC.2).  
However, the unifying feature of nearly all bound mimotopes is a large, basic 
residue at p5 of the peptide. This binding pattern from the new mimotopes corroborates 
the pattern of mimotopes found in the past (Figures 4.1A and 4.1B). The absence of a 
large basic residue here is the most common feature of non-binding peptides (Figure 
4.1C). This importance of this residue is emphasized by the O1.A6 mimotope, which 
lacks any real discernable solvent-facing residue besides p5K. Despite this, Yae62.8 still 
binds with high relative avidity (Figure 4.1A).  
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  Figure 4.1: Comparison of mimotopes bound by Yae62.8 
multimer. A) Alignment of peptides that Yae62.8 multimers 
bind examined in this study. B) Mimotopes isolated by 
Yae62.8 multimer from previous published data C) 
Alignment of peptides that Yae62.8 multimers very weakly 
binds or do not bind. The name of the mimotope starts to the 
left of the sequence. The number at the top indicates the 
residue position in the MHC binding pocket. MFI 
comparisons are calculated by diving the MFI of mimotope 
binding indicated mimotope the MFI of 3K binding at equal 
levels of MHC. Mimotopes residues that share homology 
with the 3K peptide are colored in red for comparison. 
Peptide anchor residues have a grey background and smaller 
sized text. TCR accessible residues are in regular sized text. 
*indicates there is data that this mimotope activates Yae62.8 
hybrids. 
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The absence of a large, basic amino acid can’t be compensated for by the 
presence of 3K related amino acids at other positions of the peptide. p5His and p5Asp 
also appear to be unfavorable for Yae62.8 binding, as mimotopes that contain these 
residues in p5 have marked reduction or loss of binding. This holds is true even if there 
are multiple additional 3K related amino acids (Compare Figure 4.1A N5.D11, Figure 
4.1B FC.11, and Figure 4.1C O2.11). The other residues beyond the p5 of the peptide are 
more varied, suggesting they are dispensable for Yae62.8 binding. 
The 4.B1 TCR is reactive to less MHC alleles than the Yae62.8 TCR, yet is still 
fairly peptide-degenerate in the way it binds I-Ab-3K58. However, whether 4.B1’s 
degeneracy applies to other allopeptides beyond 3K was not examined. Our current data 
indicates that, though perhaps less than observed for Yae62.8. 4.B1 binds mimotopes that 
have 3 similar amino acid residues to the immunizing 3K with higher relative avidity. 
(Figure 4.2A N10.B2, N1.A5, N5.D11). Despite this, the amino acids at the p7 and p8 
can be dispensable for strong binding (Figure 4.2A O2.L23, and O1.A6). This may be 
because of compensatory contacts are made with residues at different positions on the 
peptide, but this cannot be determined with the data gathered here. The requirement for a 
basic residue at p5 is still important for 4.B1 binding. Absence of these residues result in 
a major drop in binding (Figure 4.2b). This is not entirely surprising because an Kp5A 
mutation of the 3K peptide to Ala results in a major loss of binding for 4.B158.  
There may be more stringent limitations for the p3 of foreign peptides bound by 
4.B1. While Yae62.8 can still bind the O2.16 mimotope with fairly high relative avidity 
(Figure 4.1A), the 4.B1 receptor cannot (Figure 4.1B). This means that the Yae62.8  
91 
 
Figure 4.2: Comparison of mimotopes bound by 4.B1 multimer. A) Alignment of peptides that 4.B1 multimers bind. B) 
Alignment of peptides that 4.B1 multimers very weakly binds or do not bind. The name of the mimotope starts to the 
left of the sequence. The number at the top indicates the residue position in the MHC binding pocket. MFI comparisons 
are calculated by diving the MFI of mimotope binding indicated mimotope the MFI of 3K binding at equal levels of MHC. 
Mimotopes residues that share homology with the 3K peptide are colored in red for comparison. Peptide anchor 
residues have a grey background and smaller sized text. TCR accessible residues are in regular sized text. 
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TCR affinity for the p5R outcompetes any detrimental effects of having p3H whereas 
4.B1 cannot compensate for this. O1.A6 is also bound more weakly by 4.B1 compared to 
Yae62.8 (Compare Figures 4.1A and 4.2A). 4.B1 may make additional amino acid 
contacts with other amino acids positions that are unavailable within this peptide, 
explaining the slight loss of binding. It is also possible that additional contacts may not be 
necessarily required for peptide recognition and might serve to limit the number of 
allowable residues in these positions instead. However, this data clearly show that the 
4.B1 TCR can still bind distinct mimotopes that share little similarity to the selecting 3K 
peptide. 
Finally, the conventional J809.B5 receptor is the most specific foreign mimotope 
association (Figure 4.3A). For J809.B5, the strongest-binding mimotopes bear the 
highest resemblance to the 3K peptide, though even these were bound at no more than 
half the level of the 3K itself. This greatly contrasts with 4.B1 and Yae62.8, each were 
able to achieve equal or higher levels of 3K binding with mimotopes that ranged from 
high to low similarity to the 3K peptide. 
This data confirms previous data that the Yae62.8 TCR has very degenerate 
foreign peptide recognition. Similarly, the alloreactive 4.B1 TCR multimer appeared to 
bind foreign peptides high peptide degeneracy. This result supports the hypothesis that 
alloreactive responses towards a disparate alloMHC allele is peptide degenerate. 
However, whether the peptide degeneracy for both types of receptors holds true for the 
recognition of self-peptides still needs to be determined. 
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Figure 4.3: Comparison of mimotopes bound by J809.B5 multimer. A) Alignment of 
peptides that J809.B5 multimers bind. B) Alignment of peptides that J809.B5 multimers 
very weakly binds or do not bind. The name of the mimotope starts to the left of the 
sequence. The number at the top indicates the residue position in the MHC binding 
pocket. MFI comparisons are calculated by diving the MFI of mimotope binding 
indicated mimotope the MFI of 3K binding at equal levels of MHC. Mimotopes residues 
that share homology with the 3K peptide are colored in red for comparison. Peptide 
anchor residues have a grey background and smaller sized text. TCR accessible residues 
are in regular sized text. 
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Self-peptide recognition of TCRs from SP mice is degenerate 
 To study self-peptide specificity of these receptors, we utilizing the I-Ab-self 
peptide to challenge alloreactive receptors for binding and activation. This self-peptide 
library was screened in two different ways. The first was to pool baculovirus to challenge 
T cell hybrids against multiple self-peptides at once. The second was through the use of 
the TCR multimers used to examine foreign reactivity of peptide mimotopes. All peptides 
found to bind and/or activate the receptors can be viewed in Table 4.3. 
 The Yae62.8 T cell hybrid displayed high background levels of activation when 
screening it against peptide pools (data not shown). However, some individual self-
peptides that consistently activated Yae62.8 hybrids in early library trials are included in 
this analysis (Appendix E.5). These are labeled and included for comparison in the self-
peptide alignment in Figure 4.6 below.  Because of this high background of activation, 
TCR multimer staining was used as an alternate library screening method. Any self-
peptide bound by multimer would then be used to challenge the Yae62.8 hybrid for 
activation on an individual basis. While multimer staining does provided data on the 
relative avidity of the TCR-pMHC, it cannot completely predict the outcome of the 
interactions. Because of this, an assay for positive T cell activation is the bar that must be 
met for any self-peptides bond by Yae62.8 multimers to be considered actual allo-
peptides.  
Figure 4.4 shows each individual peptide found via multimer staining. There was 
a range of different staining patterns, with some peptides having higher or lower relative  
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Table 4.3: Identity and iedb page of self-peptides that activate alloreactive receptors. 
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Figure 4.4: Yae62.8 TCR Multimer stains Multiple Library Self peptides. SF9 insect cells were 
infected with individual baculovirus and allowed to express. Cells were stained with 17/227 to indicate 
MHC expression and Yae62.8 multimer conjugated to a fluorophore. A) A thin gating strategy to select 
cells across a equal level of MHC expression. B) Histograms comparing the MFI of Yae62.8 Multimer 
staining of Eα (grey) to the peptide in the column. C) Calculated MFI of the gated cells in A for 
comparison as well as the percentage of MFI relative to how the multimer stains I-Ab-3K expressing 
insect cells. Data representative of multiple experiments. 
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Figure 4.5: Library Self Peptides Activate Alloreactive Receptors. Activation was measured by 
the IL-2 present in the cell culture supernatant by A) J809.B5, B) Yae62.8, and C) 4.B1 T cell 
hybrids upon stimulation by the indicated peptides. Cells were challenged with B7+ICAM+ Insect 
cells infected with baculovirus to induce expression of the indicated peptide. UI indicates uninfected 
insect cells and Hybrid only indicates the T cell hybrid alone. Experiment was performed in 
triplicate. 
 
98 
 
avidity compared to the immunizing 3K peptide based on the MFI of multimer binding. 
When challenging Yae62.8 hybrids with these peptides, only MMP8 and both truncation 
of Ccr4-Not appear too consistently, albeit weakly, activate Yae (Figure 4.5B). 
 Figure 4.6 contains an alignment of all the self-peptides that activate and/or bind 
Yae62.8. However, the actual binding register of each self-peptide is not known. These 
predicted binding registers presented here are based on the patterns of I-Ab peptide 
binding and the displayed foreign reactivity pattern of Yae62.8. Non-activating self-
peptides were included in the alignment to understand amino acid composition and how it 
related to peptide specificity of the Yae62.8 receptor. Again, a consistent feature of all 
activating self-peptides is the presence of a large, basic amino acid residue at P5. Other 
peptide positons appear quite variable between self-peptides and deviate greatly from the 
immunizing 3K peptide (Figure 4.6 red residues). There may be a slight preference for 
self-peptides with a Ser in p7, but this position does not seem to be required, or can easily 
be compensated for by different amino acid residues.  
 The 75-55 receptor also follows this pattern of self-peptide recognition.  As 
mentioned previously, 75-55 multimer did not properly function and could not be used to 
screen the self-peptide library the same as other receptors (Appendix E.4). However, 75-
55 hybrids were activated by similar numbers of different peptides in the pooled screen 
(Appendix E.6). There is some overlap in the self-peptides recognized by Yae62.8 and 
75-55 including Ccr4-Not, Lcp1, and Adh1 (Figure 4.7). However, there are differences 
in activation and identity of some peptides. This is not entirely unexpected, as these 
receptors are both 3K reactive, and have similar TCRα and TCRβ sequences. 
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Figure 4.6: Alignment of self-peptides that activate Yae62.8. Aligned peptides 
separated into categories based on acquired activation and binding data. The number 
above the peptide sequence indicates the residue position in the MHC binding 
pocket. The actual binding register of the self-peptide presented here is predicted 
and may not be exact. Self-peptide residues that share homology with the 3K peptide 
are colored in red for comparison. Peptide anchor residues have a grey background 
and smaller sized text. TCR accessible residues are in regular sized text.  
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Nevertheless, the requirement for the P5 position of self-peptides to be large and basic for 
activation was still the primary determine of self-reactivity.  
There were some self-peptides that activate 75-55 that are quite distinct from 3K, 
particularly Tnf10b and Tom1 (Figure 4.7). The 75-55 TCR may adopt alternate 
conformations or alter contacts with I-Ab to compensate for peptides like these that differ 
greatly from the 3K. The Yae62.8 is was already shown to be quite flexible in the way in 
utilizes its CDR loops to adopt different orientations in order associate with peptides 
presented by MHC I and MHC II alleles77. However, determining if 75-55 utilizes a 
different approach to recognize these disparate peptides is not possible without 
challenging these receptors with I-Ab peptide mutants.   
Upon further examining the library peptides that activate 75-55, two foreign 
peptides appear to actually be derived from Chlamydia muridarum in mice that were 
immunized with this bacterium. All other activating self-peptides were double-checked 
and confirmed to originate from a mouse protein (Table 4.3). This slight mistake in 
classifying the source of peptides added to the library allowed for the two additional 75-
55 activating foreign peptides to compare to 3K. Unsurprisingly, recognition of these 
peptides appears degenerate because these peptides differ greatly from 3K. Each follows 
the consistent pattern for the same basic p5 residue that is characteristic of 75-55 binding 
(Figure 4.8). 
These data show that Yae62.8 and 75-55 have degenerate recognition for both self 
and foreign peptides. However, the self-reactivity of receptors from SP mice is not 
completely peptide independent. This is because a large portion of peptides within the 
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Figure 4.7: Alignment of self-peptides that activate 75-55. Aligned peptides 
separated into categories based on acquired activation data as indicated by the 
left most row. The number above the peptide sequence indicates the residue 
position in the MHC binding pocket. The actual binding register of the self-
peptides presented here is predicted and may not be exact. Self-peptide residues 
that share homology with the 3K peptide are colored in red for comparison. 
Peptide anchor residues have a grey background and smaller sized text. TCR 
accessible residues are in regular sized text. *indicates very weak activation  
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library did not bind or activate these receptors. A peptide hotspot is created for large, 
basic amino acids at p5 is used for both self and foreign reactivity. This hotspot restricts 
the number of potentially activating self-peptides, but also allows these receptors bind 
multiple, distinct self-peptides with minimal common features.  
 
Self-peptide recognition alloreactive TCRs is degenerate 
While it appeared that 4.B1 was peptide degenerate in recognition of foreign 
mimotopes, it is unclear if the recognition of self-peptides was the same. Additional 
experiments using other alloreactive receptors from I-Ab knockout mice were also needed 
to see if this pattern of degenerate recognition occurs in multiple receptors. Soluble 4.B1 
TCR multimer was used to screen for self-peptide using the same two-step process used 
for Yae62.8 and activation pools library self-peptides were used to screen 4.A5 and 4.A6 
hybrids. 
The 4.B1 multimer stained 4 different peptide constructs derived from 3 
individual proteins (Figure 4.8A). All these peptides were bound with much lower 
relative avidity than 3K, but all stained higher than the non-activating Eα peptide (Figure 
4.8B-C). Similar to what occurred with 75-55, 4.B1 multimer also weakly bound a 
peptide from Chlamydia muridarum which was later discovered to be foreign derived 
(Appendix E.7). Of these bound self-peptides, only one activated hybrids (Ccr4-Not (a), 
Figure 4.5C). 75-55 and Yae62.8 were activated by both truncations of this peptide 
(Figure 4.4 and 4.5B), but 4.B1 was only activated by one despite binding both.  
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Figure 4.8: 4.B1 TCR Multimer stains Multiple Library Self peptides. SF9 insect cells were infected with 
individual baculovirus and allowed to express. Cells were stained with 17/227 to indicate MHC expression 
and 4.B1 multimer conjugated to a fluorophore. A) A thin gating strategy to select cells across an equal 
level of MHC expression. B) Histograms comparing the MFI of 4.B1 Multimer staining of Eα (grey) to the 
peptide in the column. C) Calculated MFI of the gated cells in A for comparison as well as the percentage 
of MFI relative to how the multimer stains I-Ab-3K expressing insect cells. Data representative of multiple 
experiments. 
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Figure 4.9: Alignment of self-peptides that activate 4.B1. Aligned peptides separated into categories based 
on acquired activation and binding data as indicated by the left most row. The number above the peptide 
sequence indicates the residue position in the MHC binding pocket. The actual binding register of the self-
peptide presented here is predicted and may not be exact. Self-peptide residues that share homology with 
the 3K peptide are colored in red for comparison. Predicted peptide anchor residues have a grey background 
and smaller sized text. TCR accessible residues are in regular sized text. 
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Figure 4.9 shows the predicted alignment of the peptides bound by and/or that 
activate 4.B1. 4.B1 may be activated by much fewer self-peptides than Yae62.8 and 75-
55. This is despite the similar requirement for large, basic amino acid that is common 
between these receptors. The only activating peptide, Ccr4-Not (a) bears a Lys in this 
position, similar to 3K. Why the (a) version and not the (b) version activates is not 
entirely clear, but this suggest there are additional amino acid residues contributing to 
activation. Another common feature that arose between two different self-peptides is 
p7Ser (Compare Ifitm3 and Ccr4-Not). This position may be favorable for 4.B1 binding, 
but the number of self-peptides here is too small to draw a solid conclusion. 
Similar to 4.B1, the 4.A5 and 4.A6 hybrids were also activated by fewer self-
peptides than 75-55 and Yae62.8. Three library peptides activated 4.A6 and only one 
activated 4.A5 (Appendix E.8). This is slightly surprising because the CDR3α for 4.A5 
and 4.A6 differ by two amino acids and the (Table 4.2). The single peptide that activated 
4.A5 was shared by 4.A6, suggesting these receptors may have similar, albeit different 
specificities (Figure 4.10).  
The predicted alignment of these peptides shows that there may be requirements 
for multiple residues that bear similarity to the 3K antigen (Figure 4.10). However, these 
receptors appear to slightly diverge for the requirement of a basic p5 amino observed in 
the other screened receptors. Instead, the exact position of 3K related residues appears to 
vary. In the case of 4.A6, as long as two of the residues matched in upwards facing 
positions, the peptide activated. 
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Figure 4.10: Alignment of Self Peptides That activate 4.A5 and 4.A6. A) A comparison peptides that Activate the 4.A5 
TCR. B) Comparison of peptides that activate 4.A6 TCR. The 3K and Eα peptide sequence are included as references 
for both A and B as an activating and non-activating peptide respectively. Residues that share homology with the 3K 
peptide are colored in blue and red to help with comparison. Blue indicates a small, basic amino acid resides that 
appear in the p7 peptide position of peptides. Red indicates basic residues that with similar biochemistry to the 3K 
lysines. The presented binding register for self-peptides is predicted and may not be exact. Predicted peptide anchor 
residues have a grey background. TCR accessible residues are in regular sized text. 
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Similar to 4.B1 binding of foreign peptide mimotopes, these receptors appear to 
be more peptide specific for recognizing self-peptides compared to Yae62.8 and 75-55. 
There appears to be one or two amino acid residue requirements that differ between these 
receptors for activation. Other amino acid residue within the peptide can be largely varied 
outside these positions, suggesting these may be hot spot peptide positions. The necessity 
to meet the requirements of more than peptide one hot spot by these receptors could 
explain why they appear more specific that receptors from SP mice. Even so, this 
recognition pattern is appears largely degenerate because it only relies upon two or fewer 
peptide hot spots with largely flexible requirements.  
 
A conventional T cell is self-tolerant 
Lastly, J809.B5 was screened over the self-peptide library two different ways. 
Since this TCR is self-tolerant, we predicted that there would not be any hits within the 
library. As expected, none of the challenged self-peptide activated T cell hybrids 
expressing this receptor. Similarly, soluble J809.B5 receptor stained none of the 
individual expressed library peptides, even self-peptides bound by a similar T cell 
receptor (Figure 4.11). While there may be some very modest staining above the Eα 
negative control, these peptides do not activate J809.B5 when challenged individually 
(Figure 4.5A). This data along with the data collected via mimotope staining confirms 
that J809.B5 is self-tolerant and recognizes foreign peptides with high specificity 
requirements. This is in great contrast with the alloreactive receptors from single peptide 
and MHC I knockout mice.
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Figure 4.11: J809.B5 TCR Multimer stains No Library Self peptides. SF9 
insect cells were infected with individual baculovirus and allowed to express. Cells 
were stained with 17/227 to indicate MHC expression and J809.B5 TCR multimer 
conjugated to a fluorophore. A) A thin gating strategy to select cells across an 
equal level of MHC expression. B) Histograms comparing the MFI of J809.B5 
multimer staining of Eα (grey) to the peptide in the column. C) Calculated MFI of 
the gated cells in A. %3K MFI is ratio of J809.B5 multimer staining to indicated 
peptide vs 3K. While there may appear to be modest staining, it is only ~2 fold 
above Eα. 
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Discussion 
Negative Selection and self-peptide cross reactivity 
Yae62.8 and 75-55 are from SP mice that only express one pMHC molecule, 
resulting in highly restricted negative selection. This lack of many different selecting 
pMHC complexes results in the emergence of T cells with TCRs that are highly MHC 
cross-reactive with foreign peptide degenerate recognition. This was reaffirmed here 
using new peptide mimotopes and foreign antigens.  
Just like foreign peptide cross reactivity, the levels of self-peptide cross reactivity 
appear to be influenced by negative selection. Comparison of all the peptides these 
receptors bound shows the pattern of a TCR hot spot that focuses on the p5 amino acid 
position. The majority of self-peptides that activated 75-55 and Yae62.8 contained large, 
basic amino acid residues such as Arg and Lys at this position. This is a feature that is 
shared by the selecting 3K peptide and the mimotopes that Yae62.8 binds. Other upwards 
facing amino acids could be small and hydrophobic, and could differ quite a bit from 3K, 
yet still allow for binding and/or activation.  
However, not all self-peptides in the library that potentially had a basic residue at 
p5 activated 75-55 and Yae62.8. This means that while these receptors may have peptide 
degenerate binding, there are certain combinations of amino acids are likely unfavorable 
and disrupt binding entirely. This also means that while consistent interactions with I-Ab 
allow for greater peptide promiscuity, there are still peptide requirements for their 
activation21,81. The lack of activation by these peptides might also be the result of binding 
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kinetics that are unfavorable to signaling. This could be potentially be further explored by 
comparing on and off rates for each self-peptide via surface plasmon resonance 
experiments. 
However, this minimal requirement for a single peptide residue for activation 
likely explains the high rate of self-reactivity and foreign reactivity observed for these 
receptors. This greatly contrasts to the requirements for 3 or more, specific amino acid 
residues observed for conventional T cells for their peptide cross reactivity30,73. Thus, 
while these receptors may require specific peptides for their self and foreign reactivity, 
the recognition of these peptides is through the formation a hot spot over p5 and is 
degenerate in most other positions. 
In the case of 75-55, two particular activating self-peptides stood out: Tom1 and 
Tnf10b. These peptides activated 75-55 and shared no amino acid in common with the 
3K and do not follow the large, basic p5 requirement. It is quite possible that 75-55 TCR 
CDR loops adopt unique conformation to engage with these peptides, thereby displaying 
polyspecificity in recognition of some peptides104. Additional experiments can be pursued 
to determine what peptide and I-Ab helix contacts 75-55 establishes to engage these 
largely different peptides. However, this suggests that additional properties such as CDR 
flexibility may contribute to the cross-reactive properties of 75-55. 
The 4.B1, 4.A5, and 4.A6 are from a T cells that also experienced limited 
selection, albeit on a full repertoire of MHC I peptides in the thymus. Because of this, the 
overall numbers of pMHC molecules these receptors encountered during selection is 
much larger than those from SP Mice. However, these receptors appear to have 
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somewhat more stringent requirements for recognition of both self and foreign antigens 
on I-Ab than Yae62.8 and 75-55. This may be because these receptors do not make as 
many essential contacts with the I-Ab β chain (in the context of binding 3K)58. Because of 
this, there may be a greater reliance on compatible peptides for their alloreactivity and are 
thus more peptide specific than TCRs from SP mice, but much less specific than 
conventional T cell receptors. 
This is supported by the result that 4.B1, 4.A5, and 4.A6 were activated by much 
fewer self-peptides than Yae62.8 and 75-55. If there were similar levels of peptide 
degeneracy, it might be expected that there would be more overlap in the number as well 
as identity of self-peptides bound by these receptors due to their shared recognition of I-
Ab3K. Additionally, there appears to be stricter requirements for peptide residues that 
bear similarity to 3K, especially in the cases of 4.A5 and 4.A6. However, the importance 
exact importance of each amino acid residues cannot be completely determined here and 
can be further examined in the future.  
Lastly, the conventional J809.B5 receptor encountered a full repertoire of pMHC 
molecules during selection and as a result is much more peptide specific than all the other 
screened receptors. Being a conventional receptor, there was also no evidence of self-
reactivity as confirmed by lack of binding and activation to any library self-peptide. The 
requirements for peptides in mimotopes that are highly similar to the selecting 3K peptide 
make this clear. 
The contribution of each peptide amino acid residue TCR binding for each 
receptor needs to be tested to better understand how negative selection influences the 
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degeneracy of self-recognition. This can be accomplished at the self-peptide level in 
future experiments by scanning alanine mutagenesis. Additionally, testing the effects of 
mutations the I-Ab α and β chains on T cell activation against different self-peptides can 
determine if these TCRs are utilizing different MHC contacts to associate with disparate 
peptides. Felix et al performed similar experiments to show alternate requirements for 
MHC residues by alloreactive cells binding their allopeptides104. These types experiments 
could would serve as a good basis to examine these receptors.  
 
Peptide specificity of alloreactivity 
It has been proposed that peptide specificity of alloreactivity depends on how 
closely related the selecting and alloMHC alleles are80,105. The data collected here appear 
to support this hypothesis. The 4.A5, 4.A6, and 4.B1 were shown to be alloreactive 
towards at least I-Ab and CD1d58. These alleles are entirely different that MHC I 
molecules these receptors were selected on. Based on the data gathered here, the self-
reactivity and foreign recognition of peptides on I-Ab, an alloMHC II molecule, appears 
to be degenerate for these receptors. However, this is not characterized by complete 
peptide degeneracy as there minimal peptide requirements for binding and activation. 
With these alloreceptors, the overall level of peptide degeneracy for both self and 
foreign peptides appear to be much less than what was observed from SP mice. This is 
because the total number of binding and/or activating mimotopes (4.B1) as well as self-
peptides (all three receptors) was much lower as compared to SP mice. It may also be 
possible that positive selection simply biased the receptors that emerge from SP mice to 
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consistently recognize amino acid residues on the actual I-Ab MHC molecule. Because of 
this, the TCRs that from I-Ab knockout mice are not guaranteed to express a TCR 
combination that consistently establishes contacts with I-Ab as effectively as these SP 
TCRs. As a result, these receptors may have stricter peptide requirements to allow for 
productive interactions with specific residues at I-Ab interface as a whole. 
If there are more stringent requirements for specific, individual self or foreign 
peptides, these results follow suit with observations that there may be specific peptides 
required to achieve an alloreactive response for some T cells99. However our results do 
not support the argument that alloreactivity is completely peptide specific or polyspecific 
towards totally unique peptides104. Instead, the data collected here suggests these 
receptors may rely on peptide hotspots interactions with peptide residues that meet the 
biochemical requirements for binding and activation. This is apparent by the general 
dissimilarity between peptides beyond one or two peptide positions. 
With only these minimal peptide requirements for binding and activation, the 
majority of other high energy contacts that drive TCR recognition for these SP and 
alloreactive receptors are likely made with I-Ab residues, arguing for a more MHC centric 
view of alloreactivity. In an earlier study, scanning alanine mutagenesis of I-Ab-3K 
revealed some I-Ab residues that were important TCRs binding58. Since the I-Ab MHC 
molecule was used to present all peptides in this study, these contacts may be the same 
for each activating peptide and would be good targets for further analysis by mutagenesis. 
Should the same MHC residues be utilized for activation, it would further support the 
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argument that recognition of specific alloMHC residues is a driving factor for alloreactive 
responses and explain the degeneracy of peptide recognition.  
One hint that this may be the case is consistent requirement for peptides with the 
basic p5 feature for Yae62.8 and 75-55 and the consistent pattern for a greater required 
number of 3K residues for 4.A5, 4.A6, and 4.B1. This repeated pattern suggests that these 
receptors may be engaging each peptide similarly by also utilizing the same hot spot 
contacts on I-Ab.  
It would be interesting to see if different constellations of MHC amino acids are 
utilized by these receptors to engage peptides that are largely divergent from 3K104. It is 
also possible that recognition of these different peptides would follow patterns associated 
with molecular mimicry observed in the structures of alloreactive receptors binding 
peptides on disparate MHC alleles103. Further experiments that map key MHC and 
peptide residues would have to be performed to see if this is the case.  
The data gathered here support the proposed hypothesis, that the peptide 
specificity of alloreactive TCRs towards peptides presented on largely different MHC 
alleles is degenerate. However, this is not complete degeneracy as these TCRs establish a 
key hotspot contact over at least one peptide position that dictates breadth of allopeptides 
that activate these T cells. Further work needs to be performed to see if these receptors 
adopt alternate conformations or establish differing contacts with residues on the 
alloMHC when binding different allopeptides. Additionally, closer examination of 
peptide recognition by alloreactive receptors from MHC alleles of varying degrees of 
relatedness may help better define the rules that govern alloreactivity.  
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Chapter V: 
An nTreg TCR engages self-peptides and foreign peptides similarly with a 
Conventional binding Orientation 
 
 
Introduction 
Since 1980s, the presence of a population of CD4+ “suppressor cells” capable of 
delaying or preventing autoimmune disease have been documented. Early experiments 
demonstrated a suppressor CD4+ T cell population in models transferring autoimmune 
diabetes in NOD mice158. The protective effect was no longer effective if the donor CD4+ 
cells originated from a thymectomized mouse158. These results hinted at the importance 
of the thymus as an origin of suppressor cells. Later, a population of anergic CD4+ 
thymocytes that emerge from the thymus starting 3 days after birth was shown to have 
suppressive capabilities in vitro159,160. This anergy could be broken in vitro via extensive 
αCD3 stimulation and additional IL-2160. Introducing these now activated cells into 
BALB/c athymic, nude mice resulted in a loss of their suppressive capabilities and in the 
development of autoimmune disease160. The development of autoimmunity in these 
animals suggested that these so called suppressor cells had specificities to self-peptides. 
These ‘suppressor cells’ are now widely known as T regulatory cells (Tregs).   
Tregs are characterized by the surface expression of high levels of CD25 and 
CTLA-4 and the expression of the phenotypically essential transcription factor 
FoxP3159,161,162. There are two generally accepted different populations of Tregs: natural, 
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thymic derived Tregs (nTreg) or induced/peripheral Tregs (iTreg). nTregs form during T 
cell development and emerge from the thymus as suppressive cells. In contrast, iTregs are 
thought to be conventional T cells that convert into T regulatory cells after interactions 
with tolerogenic APCs108,116. Attempts to readily distinguish the two types have 
discovered greater expression of Helios and Nrp1 within nTreg populations compared to 
iTreg populations163. However, there is evidence that suggests these markers are not 
completely reliable126. 
Both naive T conventional cells and Tregs emerge from the thymus during T cell 
development. What exactly directs a T cell to commit to nTreg lineage is still not well 
understood, but one hypothesis suggests an intermediate TCR affinity towards self during 
thymic selection is a major determinate12. This is supported by evidence that nTregs 
exhibit higher activation against self-peptides presented in the thymus than conventional 
T cells164. This activation cannot be too great, otherwise the receptor would be deleted by 
negative selection. It is also unknown if nTregs are activated by one specific peptide, or 
peptide cross-reactive to an array of self-peptides. Current evidence suggests that nTreg 
development may only occur if their cognate antigen is present in the Thymus165,166. 
Treg preferential reactivity towards self-peptide-MHC complexes has been 
questioned because Treg TCRs are capable of binding foreign-MHC-peptide complexes 
as frequently as non-regulatory T cell TCRs do167,168. Thymic derived nTregs can also 
emerge capable of mediating tolerance to antigens produced by commensal bacteria in 
the intestinal tract169. The intestinal, thymic derived Treg TCR repertoire also alters when 
colonic flora is disrupted, indicating that the emergent nTreg population is potentially 
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sensitive to different foreign antigens present167. Some groups suggest microbiota is a 
primary source for selecting ligands and self-antigen specificity contributes less to Treg 
development167. 
However, there is a wealth of evidence that suggests nTregs recognize self-
peptides found in the periphery. Transducing Treg TCRs into Rag-/- T cells and 
transferring them into a lymphopenic host results in rapid proliferation compared to 
conventional TCR controls and also induced severe wasting disease119.  Additionally, 
AIRE deficiency in the thymus results in an expansion of “Trouges”-populations of self-
reactive Tconv cells with TCR sequences that are normally biased to be found expressed 
by Treg populations170. This is supported by the finding that T cells specific for tissue 
restricted antigens are not completely eliminated in the thymus and, instead, divert to a 
Treg lineage as a means of tolerance induction123. Another study found that retrogenic 
mice transduced with Treg TCRs reactive to the MOG self-peptide developed more 
potential nTreg cells than retrogenic mice made with a MOG reactive Tconv TCR171. In 
this case endogenous MOG protein was important for Treg development, because if 
donor retrogenic TCRs were from Tregs, there was a massive drop in the number of 
peripheral Helios+ Tregs if the host was MOG-/- 171.  
Thus, there is evidence that nTregs can be recognize both self-peptides and 
foreign/commensal derived antigens. This observed reactivity to bacterial derived 
peptides might also be the result of nTregs having broader peptide cross-reactivity, 
allowing for recognition of both self and foreign derived peptides172. However, due to the 
lack of known self-peptides that activate nTreg cells and the difficulty finding them, 
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determining the self-peptide specificity of nTreg TCRs has not been possible. One recent 
publications found a single, convergent cancer autoantigen that two separate nTreg 
receptors recognize specifically, and Treg TCR structures of these interactions are likely 
to follow166. However, this assay was quite limited in the scope of potential self-peptides 
used to challenge these receptors and may not be representative of the breadth of nTreg 
receptor reactivity.  
If both activating self-peptides and foreign peptides can be identified for a Treg, it 
would provide valuable insight on how Tregs differentiate in the thymus. This could be 
possible by screening Treg T cells receptors across different peptide libraries that contain 
foreign peptides and self-peptides. Weak peptide cross reactivity towards multiple, 
different peptides may allow these receptors to survive selection and maintain immune 
system homeostasis in the periphery. Identifying peptides that nTreg receptors interact 
with could provide insight on this possibility. 
 
 
TCR signaling in the thymus is important for initial formation of Tregs and the 
Treg phenotype and continued signaling in the periphery is important for their 
suppressive functions121,122,173. Recent evidence suggests that TCR signaling functions in 
a separate capacity than requirements for IL-2 to shape this suppressive phenotype by 
regulation of a different set of transcription factors122,174. Loss of TCR expression in 
Tregs using a conditional knockout resulted in a reduction of suppressive capability by 
downregulation of both direct and indirect methods of suppression like CTLA-4, IL-10, 
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and TGFβ122,173. Because of the importance of a Treg TCR in establishing its phenotype 
and continued survival, it is important to understand how an nTreg TCR interacts with 
pMHC.  
The challenge for examining a self-peptide MHC-nTreg TCR structure is again 
the fact that the identity of self-peptides bound by nTreg TCRs are not well established. 
The lack of known, activating endogenous peptides prevents further biochemical and 
structural analysis. Finding a self-peptide would allow for experiments to better 
understand if there are unique properties utilized by Treg TCRs to bind pMHC that 
differentiate them from a conventional TCR. 
One recent publication has shown an iTreg cell binding in a non-canonical, 
backwards orientation59. In this structure, TCRβ chain drove the entirety of the TCR 
interactions and made extensive contacts with pMHC59. This suggests that nTreg cell 
TCR-pMHC recognition may also follow this non-traditional method for the recognition 
of self-peptides. Alternatively, nTregs may interact with MHC complexes similarly to 
self-reactive Tcells56. A structure of an nTreg TCRs interacting with self-peptide MHC 
could provide insight into why some T cells are deleted or become conventional T cells, 
and others are directed into the Treg pool.  
Using the I-Ab self-peptide display library and a set defined, nTreg TCRs, I 
screened for self-peptides that activate an nTreg TCR. In addition, I used a randomized 
mimotope library to find a foreign peptide bound by the same TCR. The multiple 
peptides bound by these receptors allowed for an examination of peptide cross reactivity 
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of these receptors. Additionally, we crystalized a Treg TCR-pMHC complex with a self-
peptide and foreign mimotope for structural comparisons. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
121 
 
 
 
Results 
Screen overview 
Due to nTreg development in the thymus, it is possible thymic self-peptides also 
found in the periphery are the targets of nTregs. Unfortunately, the acquisition of enough 
mTECs to accurately represent the self-peptide repertoire present on their MHC 
molecules has been cost prohibitive. This creates a problem in which we cannot easily 
examine a structure between a selecting pMHC complex and the nTreg T cell receptor.  
However, it is still possible to use defined, peripheral self-peptides to determine 
nTreg TCR peptide specificity. If the receptors are highly specific for an activating 
peripheral self-peptides, it may reflect a similar thymic counterpart. In contrast, if the 
receptors recognize multiple different peripheral self-peptides, it would suggest these 
receptors can be fairly cross reactive and may bind many different peptides in the 
thymus. We decided to utilize the self-peptide library we built as described in Chapter 3 
to screen defined Treg receptors for activation. The self-peptides within were isolated 
from the I-Ab molecules on splenocytes, BMDCs, and B cells from different experiments. 
The library self-peptides are derived from a fairly diverse set of proteins, but only 
represent a small portion of the potential self-peptidome of I-Ab (See Chapter 3). 
Because of this limitation, we attempted to select nTreg receptors that we believed would 
greatest chance of binding a library self-peptide. 
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TCR sequences were chosen from nTregs isolated from Yaeβ transgenic mice120. 
The Yae62.8 TCRβ alters T cell population to be more abundant in CD4+ cells as well 
increases the abundance Tregs58,115. This is because the Yaeβ chain skews receptors that 
contain it to be more self-reactive than some other TCRβ chains115. We reasoned that 
because of these properties, Tregs with Yaeβ chain would be more likely to bind a self-
peptide in the self-peptide library.  
These nTreg TCRs were isolated from two distinct populations based on the cell’s 
expression of Gitr, PD1, and CD25: Triplehi and Triplelow Tregs, named for high 
expression of all three markers or low respectively. Both Triplehi and Triplelow 
populations express FoxP3, but Triplehi Tregs express higher levels of CD5 and Nur77- 
GFP in the thymus compared to Triplelow Tregs, indicating a higher level signaling 
towards self-peptides120.  
Sequences for the top clonally expanded TripleHi and TripleLow were compiled, 
and 5 of the highest expanded Triplehi receptors as well as 1 TripleLow receptor were 
chosen to screen. Over-represented TCRs were chosen because these clonal expansions 
may be due to higher affinity or reactivity towards self-peptides on average that would 
allow them outcompete other clones172. The full sequences of the TCRα chain for each 
receptor used can be found in Appendix A and Table 5.1 contains a summarized list of 
all Treg receptors screened. 
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Table 5.1: Screened Treg TCRs.  Sequences of the TCRs for the indicated T cell clones used to screen the 
self-peptide library. All receptors use the Yae62.8 TCRβ chain and the indicated Vα2 chain. The “Expanded 
in” column indicates how many mice replicates this sequence was overrepresented in. Amino acid residues 
in the CDR1a and CDR2a highlighted in red indicate differences between 3H1 and 3H2 for comparison. 
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Some nTreg Receptors are self-reactive 
nTreg TCRs are generally thought to signal and homeostatically proliferate to 
self-peptides presented on MHC found on the surface of APCs in the periphery. Because 
of this, it is important to be sure that TCRs chosen for library screening also display some 
level of self-reactivity. The T cell receptor combinations were cloned into retroviral 
vectors and transduced into a 5KCαβ-/- cell line to create T cell transfectomas for 
activation assays. 
When challenged with WT C57BL/6 splenocytes, 3 of the screened Triplehi 
receptors were activated (Figures 5.1 and 5.3). Activation was absent when these 
receptors were challenged with splenocytes from I-Ab knockout mice, indicating that 
3H1, 3H2, and 3H31 were recognizing endogenous self-peptides presented by MHC class 
II molecules. Three of the Triplehi TCRs as well as the tested Triplelow receptor were not 
activated by unstimulated APCs under any condition. The Triplelo TCR, 3L1 did not 
respond to splenocytes or I-Ab expressing fibroblast cell lines as well (Figure 5.3). 
Failure of these Triplehi transfectomas to respond was not due to inability of the hybrid to 
produce IL-2 as αCD3 treatment resulted in IL-2 release.  
It is possible that these unreactive receptors are just not self-reactive. It may also 
be possible that they recognize peptides not presented by different APCs or that their 
cognate peptide is found at a different location. This means that a library consisting 
primarily of peripheral self-peptides might not be the perfect solution for finding self-
peptides recognized by all nTreg receptors. However, the response to unstimulated  
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Figure 5.1: Not all Triplehi TCR Transfectomas are Overtly Self Reactive.  
5KC TCRαβ-/- Transformed T cell line were retrovirally transduced with the 
indicated TCRs and challenged in given conditions. 1x106 splenocytes from B6 
mice or MHC II knockout mice were used as stimulating APCs. αCD3 was also 
included as a positive control to show non responding Transfectomas were capable 
of producing IL-2. Results are indicative of 1 trial (3H5, 3H7, 3H10) or 3 Trials 
(3H31). **** indicates P value <0.0001 NS = no significant difference (Welch’s T 
Test) 
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splenocytes and fibroblasts by three of the Triplehigh nTregs was encouraging and 
suggested this library may contain an activating peptide for one of these receptors. Each 
receptor was still used to screen the library regardless of activation by unstimulated APCs 
on the chance a cognate self-peptide could be found. 
 
3H2 Multimer binds multiple self-peptides within the self-peptide library 
TCR multimer staining reagent made with each nTreg receptor was used to screen 
the self-peptide library (Chapter 2 Materials and Methods). To do this, SF9 insect cells 
were infected with library baculovirus to induce the cell surface expression individual 
self-peptide I-Ab molecules. These cells were then co-stained with the TCR multimer and 
αI-Ab antibody to visualize TCR interactions with MHC II positive cells. 
The vast majority of screened Treg TCR multimers did not bind insect cells 
displaying library peptides. However, the 3H2 TCR bound 5 library self-peptides (Figure 
5.2 and Table 5.2). Of all the self-peptides hits, 3H2 bound a peptide from Ifitm3 the 
strongest as indicated by multimer MFI (Figure 5.2C).  3H2 multimer bound self-
peptides with higher MFI than the non-binding, and non-activating Eα peptide. These 
peptides do not appear to be tissue specific and mRNA transcripts are ubiquitously 
expressed based on immGen and TISSUES data175. One exception is Ly9 which is found 
in high abundance in the spleen due to its function as a T cell adhesion molecule175.
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Figure 5.2 3H2 TCR Multimer binds 5 library self-peptides. SF9 insect cells infected with library 
baculovirus were stained with 3H2 TCR multimer and gated on a live population based on SSC/FSC.  
Each column indicates which self-peptide MHC molecule is presented on the insect cell surface A) A thin 
gate drawn across MHCII positive cell populations to show TCR binding based on equivalent MHCII 
expression across all peptides B) Histogram comparing TCR MFI between the non-binding peptide Ea 
(grey) and indicated peptide within the column (white) C) Calculated MFI of the gated cells in A.   
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Table 5.2: Library Self Peptides Bound by 3H2 TCR Multimer. 
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Despite only differing by a few amino acids in the TCRVα region (residues 
highlighted in red on Table 5.1), the 3H1 TCR did not bind any of the same peptides 
(Figure 5.3). However, the lack of a positive control due to not knowing a cognate 
peptide for the receptor makes it difficult to determine if this lack of binding was due to 
the quality of the multimer reagent or due to inability of the receptor to associate with the 
given pMHC. The full, self-reactive Yae62.8 TCR also showed no visible binding to 
these 3H2 self-peptides during its library screen, indicating that the Yaeβ chain alone is 
not responsible for binding to these self-peptides (Yae62.8 hits discussed in Chapter 4). 
   
Ifitm3 activates 3H2 transfectomas.  
TCR multimer binding does not always reflect actual activation, even though 
differences in the MFI of binding can be used to compare relative avidity between 
peptides in lieu of surface plasmon resonance experiments. Because of this, activation by 
peptides is a higher threshold for determining cognate antigens. The 3H2 TCR 
transfectoma was challenged against fibroblast cell lines transduced with the I-Ab-Self 
Peptide constructs for each hit. As seen in Figure 5.4B, only Ifitm3 significantly 
activated 3H2. This activation is above the background level visible by stimulation from 
fibroblasts expressing wild type I-Ab. Ly9, Shisha5, and Nup153 self-peptide hits 
appeared to produce a small volume of IL-2 upon stimulation, but this was not above 
activation levels caused by the fibroblast cell line expressing endogenous peptides on I-
Ab.  
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Figure 5.3: 3H1 Does not bind 3H2 peptides. SF9 insect cells infected with library baculovirus were stained 
with 17/227 and 3H1 multimer and gated on a live population based on SSC/FSC.  Each column indicates which 
self-peptide MHC molecule is presented on the insect cell surface A) A thin gate drawn across MHCII positive 
cell populations to show TCR binding based on equivalent MHCII expression across all peptides B) Histogram 
comparing TCR MFI between the non-binding peptide Ea (grey) and indicated peptide within the column 
(white).  
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To confirm these peptides were recognized specifically by 3H2, other self-
reactive receptors were challenged. Due its high similarity to 3H2 in TCR sequence, 3H1 
was challenged against these peptides as well. None of these peptides activated the 3H1 
transfectoma, suggesting that the reason 3H1 multimer did not bind these peptides was 
not due to poor quality reagent (Figure 5.4A). The 3L1 as well as the Yae62.8 
transfectomas were also not activated by any of the self-peptides bound by 3H2 multimer 
(Figure 5.4B-D). This is also supported by the lack of multimer binding during the 
library screen for each of these receptors (Chapter 4 and Figure 5.5). 
 Ifitm3 is an antiviral protein expressed broadly in mice and functions by 
inhibiting viral entry into cell cytoplasm176. As its full name suggests, mRNA 
transcription is upregulated by type I and II interferons, however Ifitm3 protein appears 
to be present at basal levels in the ER of unstimulated HeLa cells176. Stimulation of the 
cells with interferon results in the distribution of Ifitm3 in a vesicular pattern176. The 
peptide portion of Ifitm3 is from amino acid residues 25-42 which make up a portion of 
one cytoplasmic domain. Due to its fairly broad expression and the protein’s presence at 
steady state conditions, Ifitm3 peptides could make for a realistic target for Tregs. 
The background stimulation of 3H2 in the presence of splenocytes as well as 
empty I-Ab fibroblasts makes a peptide dose response curve to Ifitm3 unviable (Figure 
5.4B). Despite this, as an activating self-peptide of an nTreg TCR, it makes a good 
candidate to study how nTregs bind self-peptide MHC complexes. 
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Figure 5.4: 3H2 is activated by the self-peptide Ifitm3. HT-2 Assay readout of indicated T cell receptors. Cells were 
stimulated by 1x106 WT B6 splenocytes, MHC II-/- Ii-/- splenocytes, or 1x105 of the indicated Fibroblasts transfected 
with constructs that express the indicated peptide. I-Ab Fibroblasts contain wild type I-Ab and display endogenous 
fibroblast peptides and I-Ab α fibroblasts are only transduced with the I-Ab α chain and do not display MHC II. A & B) 
Are the Triplehi Treg TCRs, C) Is a Triplelow TCR, D) Is the overtly self-reactive Yae62.8 TCR from which the TCRβ chain of 
all tested Tregs is derived. **** indicates P value <0.0001 NS = no significant difference (Welch’s T Test) 
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Figure 5.5: 3L1 Does not Bind 3H2 Peptides. SF9 insect cells infected with library 
baculovirus were stained with 17/227 and 3L1 multimer and gated on a live population based 
on SSC/FSC.  Each column indicates which self-peptide MHC molecule is presented on the 
insect cell surface A) A thin gate drawn across MHCII positive cell populations to show TCR 
binding based on equivalent MHCII expression across all peptides B) Histogram containing 
the MFI of TCR Multimer staining. C) Histogram comparing TCR MFI between the non-
binding peptide Eα (grey) and indicated peptide within the column (white)  
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nTregs have different rates of cross reactivity towards mimotopes 
In order to find a foreign peptide bound by the Treg TCRs, a randomized I-Ab 
baculovirus library was utilized. Each peptide mimotope produced by recombinant 
baculovirus and PCR using degenerate primers was utilized to generate a large number of 
different potential peptides. Two different libraries were used to find mimotopes, one 
with residues that vary in 5 non anchor residue positions (p2, p3, p5, p7, and p8). The 
other library utilizes a different peptide linker and also varies at position p-1. TCR 
multimers of each Treg TCR were used to stain and sort individual insect cells infected 
by the randomized library. After multiple rounds of enrichment, virus was isolated by 
limiting dilution and sequenced to identify the mimotope. These isolated mimotope were 
then cross screened with each Triplehi TCR to determine overlaps in mimotope specificity 
(Figure 5.6). 
The frequency of distinct mimotopes isolated by the 3H2 TCR was the largest 
compared to other receptors. Most mimotopes isolated by other Treg multimers were 
bound by 3H2 as well (Figure 5.6A). There is a preference for large, basic amino acid 
residues in the P5, P7, and P8 positions of most of the bound mimotopes (Figure 5.6B 
amino acids highlighted red). For 3H2, a basic residues appear to be more important in 
these peptide positions than the length or size of side chains because Asn, His, and Lys 
all appear in each of these position. Similarly, it appears that P-1 Glu may not be 
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     A      B 
  
Figure 5.6: nTreg TCRs display different rates of peptide cross-reactivity. 
Treg TCR multimers were used to sort mimotopes from a randomized library. 
Isolated mimotopes were then used to cross screen receptors to examine peptide 
cross-reactivity. A) Table indicate if TCR multimer binds the indicated peptide. 
A green box indicates noticeable binding, a red box indicates no binding. B) 
Sequence of the indicated mimotopes. Large, basic side chains were enriched in 
mimotopes are indicated in red. FACS plots and recorded MFI for each receptor 
can be viewed in Appendix F.1-F.6. 
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essential for binding as different mimotopes from the new peptide library were all bound 
by the 3H2 receptor. The O1.A6 by 3H2 with the highest relative avidity (Figure 5.7 and 
Table F.1). This mimotope was chosen for the purpose of obtaining a protein crystal 
structure to use in comparison with an Ifitm3 structure. 
Other Treg TCRs appear to be stricter with which mimotopes they could bind. 
The 3H7 TCR did not bind any screened mimotope (Appendix F.4). 3H5 behaves similar 
to 3H2, but appears to exclusively bind mimotopes that have three basic residues between 
p5, 7, and 8. However this binding is low as even the N5.D11 mimotope that was isolated 
by 3H5 only shows a small increase in TCR MFI (Appendix F.3 and Table F.1).  
The 3H10 TCR follows similar requirements for basic residues as 3H5 at 
positions p5, 7, and 8 with the exception of the O2.L23 peptide which bears a positive 
Arg at P2 that may compensate for binding.  Of all the mimotopes it binds, 3H10 bound 
the N5.D11 multimer with the lowest relative avidity (Appendix F.5 and Table F.1). 
This may be because N5.D11 contains a His at p5 which would suggest 3H10 has a 
preference for a Lys at the p5 portion of the peptide.  
The 3H1 TCR multimers did not clearly stain any individual mimotope 
(Appendix F.1 and Table F.1). To see if this was an effect of the reagent, a portion of 
mimotopes were used to challenge 3H1 and 3H2 hybrids for activation. The 3H1 hybrids 
weakly responded, indicating that the 3H1 reagent may not be functioning properly 
(Figure 5.8). The weak response to these mimotopes may also mean that the fixed P-1 
Glu of these peptides might be disadvantageous for 3H1 binding. It may be possible  
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Figure 5.7: Relative Avidity Comparison of Ifitm3 and Mimotope. SF9 insect cells 
infected with library baculovirus were stained with 17/227 and 3H2 multimer and 
gated on a live population based on SSC/FSC.  Each column indicates which self-
peptide MHC molecule is presented on the insect cell surface. A thin gate drawn 
across MHCII positive cell populations to show TCR binding based on equivalent 
MHCII expression across all peptides. Mean fluorescence of TCR staining of 
indicated strip is underneath each plot. Data representative of multiple 
experiments. 
 
3H2 TCR Multimer 
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Figure 5.8: Activation of Treg transfectomas by selected mimotopes. HT-2 Assay readout of 
indicated T cell receptors. Fibroblasts transfected with constructs that express the indicated 
mimotope were used to challenge T cell transfectomas. WT I-Ab Fibroblasts contain wild type I-Ab 
and display endogenous fibroblast peptides and I-Ab a fibroblasts are only transduced with the I-Ab 
α chain and do not display MHC II. Experiments were performed in triplicate. 
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that amino acid positions beyond p9 that make up the linker in one of the libraries 
prevented the 3H1 TCR from binding. 
The conventional J809.B5 T cell receptor shares high sequence similarity to the 
3H2 TCR (Table 5.3). Despite this, it does not bind to and is not activated by any self-
peptides including ones that 3H2 binds. However, the J809.B5 TCR does bind many of 
the same mimotopes as 3H2, but with distinctly lower relative avidity than its selecting 
3K peptide (See Chapter 4 Figure 4.3). N1.A5 and N1.D11 were bound the strongest of 
mimotopes, each with about 50% the total binding of 3K. Both of these mimotopes also 
share the greatest similarities in sequence to the C terminal contacts of to the selecting 3K 
peptide. These two mimotopes were also the only ones that all multimers except 3H7 and 
3H1 bound. 
The flexibility in mimotope binding and activations suggest that the 3H2 TCR 
may be quite peptide cross reactive compared to the other screened nTreg receptors and 
the conventional J809.B5 receptor. If that is the case, there may be a range of cross-
reactivity within populations of nTregs. This could mean that some nTreg TCRs can bind 
many different self and foreign pMHC complexes to carry out their functions, while 
others remain more peptide specific.  
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Table 5.3: Alignment of J809.B5 and 3H2 TCRα chains TCRs 
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3H2 Binds Self and Non-self MHC complexes in a Conventional Orientation 
 With both an activating self-peptide and a high affinity mimotope, we moved 
forward to crystalize 3H2 bound to both for structural comparisons. For crystallography, 
each chain of the 3H2 TCR was expressed in E. coli, purified and then refolded as 
previously described21. I-Abα and I-Abβ covalently linked to the Ifitm3 or mimotope was 
expressed in insect cells and purified. Equimolar concentrations of each were combined 
in a hanging drop vapor diffusion method.  Structural data collection and final refinement 
statistics can be viewed in (Table 5.4). Initial structural determination was performed by 
molecular replacement using the J809.B5 TCR (Pdb: 3RDT) with its TCR CDR loops 
deleted. CNS was used to generate a composite omit map to observe electron density and 
act as a guide for building the model during refinement. Cycles of model refinement were 
carried automatically using Phenix, alternating with manual refinement in Coot138–140.  
The final resolution for 3H2-Ifitm3 and 3H2-Mimotope were ~2.85Å and 3Å 
respectively. The cutoffs fur upper resolution limits were set based the highest resolution 
shell where CC1/2 was ~0.30 and as well as the where the signal to noise approached 2.0. 
These final resolutions are on the lower end of the resolution scale for modern structures. 
With structures around 3Å, there may be errors in the rotamers of some amino acids, and 
the precise placement of thin, long sidechains might not be accurate due to low electron 
density.  
Due to errors that can be found in diffraction data, no model is completely perfect. 
However, a comparison of refinement statistics between structures with similar resolution 
reported in the PDB can give an idea about the quality of refinement (Figure 5.9). More  
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Figure 5.9: Comparison of Structure Refinement Statistics. A) 3H2-Ifitm3. B) 3H2-Mimotope. Rainbow Polygon 
for 3H2 crystal structures. Each shows histograms of the distribution of selected statistics across ~700 PDB 
entries of similar resolution. Statistics for the current structure is black with the range of specificities printed in 
red. The black polygon indicates where these values fall along the distribution of structures. The colors of each 
bin indicate the relative number of structures with that value with red being the highest and dark blue being 
zero. 
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Figure 5.10: 3H2 Binds Self and Foreign Peptides with Conventional Orientation. A and B) 
Overview of the 3H2 TCR binding I-Ab-ifitm3 (A) and the mimotope (B). In both structures the 
peptide is shown in yellow. All subsequent images use the same coloring scheme. C) An 
overlay of the two structures with constant domains removed. Arrows are vectors drawn 
from the peptide position 5 Cα atom to a position calculated to be center of mass of the 3H2 
TCR in each structure. The angle that forms between these two vectors is approximately 6.3ᵒ. 
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symmetrical polygons are indicative of better refined structures. The 3H2-mimotope 
structure’s overall temperature factor (Average B) appears to be on the larger end 
compared to other structures at this reported resolution (Figure 5.9B) This value 
quantifies the uncertainty of each atom, with high values suggesting low electron density, 
making atom placements more uncertain. The Rwork and Rfree values of both structures fall 
into an acceptable range, which suggests the presented models are not excessively over 
fitted to the diffraction data. 
 A broad overview of the structures show that 3H2 binds both self and foreign 
pMHC in a conventional orientation (Figure 5.10A and 5.10B). In each structure, the 
3H2 TCRα and TCRβ chains are positioned over the MHCβ and MHCα respectively. 
This is in contrast to the reports that an iTreg binds in a reverse orientation59. The 
structures were aligned along the I-Ab-α and β helixes for further comparison. The angle 
between vectors drawn from the p5 of the peptide to the center of mass for each T cell 
was used to compare difference docking geometry between the two structures (Figure 
5.10C). This ~6.3º difference of tilt in 3H2 TCR binding is observed because the center 
of mass of 3H2 receptor shifts towards the MHCα chain in Ifitm3 structure, but shift 
towards to the I-Ab-β chain in the mimotope structure.  
Ifitm3 and Mimotope peptides are structurally similar 
 This similarity of binding between the two structures may be driven in part due to 
the similarities between Ifitm3 and the high affinity mimotope. Figure 5.11 shows a cut 
away view of the peptide in I-Ab. Comparing the green Ifitm3 peptide and yellow  
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Figure 5.11: Mimotope and Ifitm3 Have Similar Properties. Overlay of I-Ab-helixes of 
3H2-Ifitm3 and 3H-2 Mimotope structures. Ifitm3 is labeled green and the mimotope is 
labeled yellow. The Sequence of Ifitm3 and the mimotope are shown above with amino 
acids contacted by the 3H2 TCRα chain colored blue and 3H2 TCRβ in red. Small case 
letters indicate residues found in peptide binding pocket. Large case indicates solvent 
facing residues. 
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mimotope, the overall topology of the peptides is similar with the P-1 and P5 being the 
most prominent TCR facing residues.  One difference is that the peptide linker that 
connects the mimotope to the MHCβ chain contained enough electron density to be 
modeled in and appears extends upwards. This will be further elaborated on below.  
The residues at P-1 of both peptides is a negatively charged Glu and is contacted 
by the 3H2 TCRα chain (indicated by residues names colored blue) in both structures. 
The p5 position is a bulky, positively charged residue in both peptides and is contacted by 
both the TCRα and TCRβ (indicated by residues names colored purple) in both 
structures. P7-9 of both peptides contain small residue side chains. Of these, p8A is the 
only side chain within Ifitm3 extending towards TCR as a potential contact. In the 
mimotope structure, the carbonyl of p7A is the point of contact with the TCRβ chain in 
the mimotope structure likely because p9G lacks the side chain length that would allow 
for interactions 
The buried surface of 3H2 structures is small 
The buried surface area is a means by which to measure the size of a protein-
protein interface. This can give an idea about the extent protein chains contribute to the 
formation of a peptide-peptide interface based on atomic coordinates of the complex 
alone. However, BSA does not necessarily not serve as a good basis for the affinity of the 
protein-protein interaction. With T cell receptor-pMHC complexes, there is a myriad of 
different engagements due to differences in MHC, peptides, and the large variability and 
flexibility of CDR loops that complicate the dynamics of the interaction58. However the 
BSA of TCR-pMHC complexes is often used to describe contributions of a TCR’s CDR  
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Figure 5.12: 3H2 Binding Footprint is Small. A) Dot plots of the total calculated BSA of 
reported structures bound to the indicated class of MHC. B) The peptide buried surface 
as a percentage of total buried surface of pMHC. (Peptide BSA)/ (Peptide + I-Ab BSA). C) 
Table indicating the average and standard deviation of structure BSA from A as 
compared to the 3H2 structures. 
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loops in establishing the interface, as well as the buried surface contributed by the MHC 
chains or peptide30,59,177. 
The total buried surface of the 3H2 TCR bound to-Ifitm3 and the high affinity 
mimotope was determined by PISA with a 1.4Å probe using the PDBe website (Figure 
5.12). The total BSA was calculated by adding up all buried surface on the TCR as well 
as the pMHC of both structures. Overall, the total BSA is small for both peptide and 
mimotope structures. The total BSA generated by 3H2 binding to I-Ab Ifitm3 is 
1427.39Å, smaller than any other MHCII structure that was reported up to 2015 (Figures 
5.12A and 5.12C)60. This is also smaller than most reported structures of TCRs bound to 
different classes of MHC60. The buried surface of the mimotope is slightly larger at 
1584.18Å, however both structures fall one standard deviation below the average of 
reported MHCII structures (Figure 5.12A and 5.12C).  
The contribution to the total MHC BSA made by TCR contacts over the peptide is 
also small for the Ifitm3 structure (Figure 5.12B). This bears similarities to highly cross 
reactive and peptide degenerate Yae62.8 TCR which also buries a much smaller portion 
of its peptide, 3K. The contribution of BSA by 3H2 over the mimotope is larger than both 
the self-peptide structure and Yae62.8, but still at similar levels to Yae62.8. In contrast, 
the conventional J809.B5 T cell receptor buries much of the 3K peptide as a portion of all 
MHC buried surface. This follows in the trend that more cross reactive receptors tend to 
make less essential contacts with residues of peptides than a conventional receptor58.  
However, buried surface contributed by 3H2 TCR residues follows the same trend 
as the buried surface over B5 in its structure bound to 3K (Figure 5.13). This is  
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Figure 5.13: Chain Contributions to Buried surface of 3H2 Structure interfaces. BSA was 
calculated on the PISA server using a 1.4Å probe. BSA of amino acid residues making up 
the indicated chain were totaled to determine chain contribution. A) TCR chain 
contributions. B) MHC chain and Peptide Contributions. C) Table with the BSA values 
used to make the graphs in A and B. 
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characterized by little to no contribution of the CDR1α and CDR2α to the TCRα buried 
surface with the CDR3α making the majority of contributions (Figure 5.13). The high 
similarity between J809.B5 TCR and the 3H2 TCR may be the reason behind this shared 
strategy (Table 5.3). This data suggests that the 3H2 TCR employs a similar usage of its 
CDR loops in establishing the interface with peptide-MHC as compared the conventional 
J809.B5 receptor while at the same time burying less surface over the residues of a 
peptide in a similar fashion to a cross reactive and self-reactive receptor. 
Summary of TCR Contacts 
 TCR contacts were determined through Ncont analysis to show atoms of different 
amino acid residues within 4Å from each other at the TCR-pMHC interface. The 3H2 
TCR makes approximately the same number of contacts within 4Å for both structures 
with 118 total contacts with I-Ab-Ifitm3 and 110 for the I-Ab-Mimotope (Figure 5.14). 
There does not appear to be a major deviation towards N or C terminal of the peptide as 
is prevalent in some structures of self-reactive receptors, indicating that 3H2 peptide 
contacts are likely achieved similar to a conventional T cell56. 
However, the contact footprint of 3H2 in the mimotope structure appears to be 
smaller than that of the Ifitm3 structure (compare Figure 5.14A and 5.14B). 3H2 makes 
more atom to atom contacts with I-Ab in the Ifitm3 structure as compared to the 
mimotope structure (Figure 5.14C). In contrast, 3H2 makes more contacts with the 
peptide in the mimotope structure (Figure 5.14C). In both structures the TCRα chain 
contributes fewer overall contacts than the TCRβ chain (Figure 5.14C). The CDR1α is 
slightly different between the two structures, with A28 making potential  
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Figure 5.14: Summary of TCR Contacts for both structures. A and B) Surface Overlay of the 
pMHC molecule. The presented peptide is outlined in black. A) pMHC atoms are colored to 
indicate <4Å contacts from the 3H2 TCRα chain (Blue) and TCRβ chain (Red). B) pMHC atoms 
are colored to indicate <4Å contacts form the 3H2 TCRα chain (Cyan) and TCRβ chain (Purple). 
C) Summary of Atomic distances that was calculated using nCont in the ccp4 program package. 
The number of peptide contacts are listed based on CDR chain and amino acid. 
C 
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contacts Ifitm3 but not with the mimotope (Figure 5.14C). The 3H2 TCRβ chain 
dominates the number of contacts in both structures, utilizing largely the same amino acid 
residues to make contacts with both pMHC complexes (Figure 5.14C). In the Ifitm3 
structure, the CDR1β is utilized to make a few contacts with I-Abα chain, however in the 
mimotope structure, it appears to interact with the mimotope linker. This will be further 
elaborated upon below. 
 
3H2 contacts foreign and self similarly 
Most 3H2 CDR loops and residues were utilized in a similar manner to engage 
ifitm3 and the mimotope. The CDR1α loop may differ slightly between the structures, 
with TCRα A28 at 3.7Å away from the P-1E of Ifitm3 and at >4Å away from the P-1E of 
the mimotope (Figure 5.15A). The CDR2α loop did not contribute any contacts in either 
structure (Figure 5.15B). The CDR3α made similar contacts with I-Ab between the two 
structures. Peptide contacts made by the CDR3α utilized the same amino acid residues. 
R95 interacts with the P-1E with the closest contacts appearing to be the carbonyl in the 
Ifitm3 structure whereas in the mimotope structure, it appears to reach towards the P-1E 
carboxyl group (Figure 5.16A and 5.16B). The CDR3α N96 is utilized by 3H2 in a 
similar manner to engage the large, positively charged residues at p5 of both ifitm3 and 
the mimotope (Figure 5.16A and 5.16B).   
For the 3H2 TCRβ, residues in the CDR1, 2, and 3 loops largely engage I-Ab α 
and β chains in the same way (Figure 5.17). However, due to differences between the 
peptides, there are slight changes in the CDR3β interactions with Ifitm3 and the  
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Figure 5.15: 3H2 CDRα chains make largely similar MHC contacts in both structures. A) 
Peptide contacts made by the CDR1α chain. CDR1α A28 does may not make contacts in 
the mimotope structure. B) Overlay of the CDR2α chain. C) MHCα contacts made by the 
CDR3α D) MHCβ contacts made by the CDR3α chain. 
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Figure 5.16 3H2 CDR3 peptide Contacts: The peptide contacts made by CDR3α and 
CDR3β of 3H2-Ifitm3 (A and C) and 3H2-mimotope structures (B and D). Contacts are 
defined as atom to atom distances of <4Å as indicated by the dotted line between 
labeled residues. The Ifitm3 peptide is labeled green and the mimotope is labeled 
yellow. 
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Figure 5.17: 3H2 TCRβ chain makes largely similar MHCα and MHCβ contacts in both 
structures. Overlay of 3H2 structures showing that MHCα and MHCβ contacts made by the 
3H2b chain are largely the same. A) CDR1β contacts with MHCα chain. B) CDR2β contacts 
with MHCα chain. C) CDR3β contacts with MHCα chain. D) CDR3β contacts with MHCβ 
chain 
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mimotope (Figure 5.16A and 5.16B). W95 makes contacts with the p6 carbonyl of both 
structures. Due to the lack of a side change in p8 of the mimotope, F94 makes no peptide 
contacts with the mimotope, but does fall within 3.7Å of the p8A in ifitm3 (Compare 
Figures 5.16C and 5.16D). This gap allows the CDR3β F94 to fit in the gap and make 
contacts with H68 of the I-Abα chain in the mimotope structure. 
 
Mimotope structure makes contacts with the linker 
 As shown in Figure 5.11, Ifitm3 and the mimotope are highly similar in topology 
and biochemical properties. Despite this, 3H2 multimer binds the mimotope at higher 
relative avidity than Iftim3 (Figure 5.7). In the mimotope structure, the residues that 
make up the peptide linker region had enough electron density to model in. Doing so 
revealed there are additional TCRβ contacts with the linker p12S that is not visible in the 
Ifitm3 structure (Figure 5.18A and 5.18B). The mimotope construct contained a 
different linker attaching it to I-Abβ than the one designed for the self-peptide library 
(Figure 5.18C). The linker in the self-peptide library contains highly flexible Gly 
residues immediately after the peptide, likely making this region less rigid. In contrast the 
p11 proline found within the mimotope linker appears to shift the subsequent upwards in 
the direction of the TCR, allowing for some subsequent residues to be in proximity to the 
TCRβ chain 
Both of the TCR β residues that contact the linker are germline encoded, however 
one contacting residue is not part of a CDR loop. TCRβ N26 falls within the CDR1β loop 
and appears to be around 3.7Å away from the p12S of the linker. However, the entirety of 
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the side chain could not be accurately modeled into the mimotope structure, making the 
exact details of interaction unclear. In the Ifitm3 structure, TCRβ N26 has intra-chain 
interactions with non-CDR residue TCRβ Q69 (Figure 5.18A). This interaction appears 
to be altered in the mimotope structure with Q69 shifting conformation for its amide 
group to fall within 2.8Å of the p12S carboxyl group (figure 5.18B). These additional 
contacts with the peptide linker might explain the difference in the relative binding 
avidity of 3H2 multimers between these two peptides.  
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Figure 5.18: 3H2 makes Non CDR contacts with the mimotope linker.  A) The TCRβ chain of 
3H2 in the 3H2-ifitm3 structure. The TCRβ is red and Ifitm3 peptide is green. B) The TCRβ 
chain of 3H2 in the 3H2-mimotope structure. The TCRβ chain is indicated in pink and the 
mimotope including extended peptide linker are labeled yellow. C) Comparison of the amino 
acid sequence of the peptide plus linker for Ifitm3 (top) and the peptide mimotope (bottom). 
Major differences in residues are indicated in red. 
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Discussion 
We found that the screened nTregs had different levels of self-reactivity towards 
different self-expressing APCs. Some showed no reactivity at all despite their TCR 
sequence being expanded in the periphery of the analyzed mice115. This could mean that 
there may be more distinct self-peptides expressed by different APCs or in different 
locations of the organism that are recognized by each different receptor. One hypothesis 
was that there were greater rates of self-peptide cross reactivity expanded nTreg TCR 
clone populations, giving them a competitive advantage over more peptide-specific 
Tregs. Due the lack of known self-peptides recognized by nTregs, we utilized a defined 
self-peptide library and found that 3H2 binds and significantly activates only one.  
The 3H2 nTreg TCR multimer binds multiple self-peptides within the screened 
self-peptide library. However only one of these peptides provided sufficient stimulus to 
activate a 3H2 hybrid. Based on differences in 3H2 multimer staining to the other self-
peptides, Ifitm3 was bound with a higher relative avidity. This suggests that the 
interactions with the other bound self-peptides may be too weak to fully activate, but 
further binding kinetic experiments would be required to demonstrate this. 
It is likely that 3H2 activated by self-peptides beyond Ifitm3. This may be tested 
in the future by using splenocytes or other I-Ab presenting cells from Ifitm3 deficient 
mice and challenging 3H2 transfectomas. However, identifying other self-peptides would 
require a broader screen across a larger library with more self-peptides. Other screened 
nTreg TCRs still likely recognize a self-peptide because they exhibit reactivity towards 
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un-activated, syngenic splenocytes. However their cognate peptides are likely not present 
within the screened library.  
We screened nTreg TCR multimers across a randomized peptide library to try and 
find high affinity mimotopes. We then cross screened each nTreg receptor to see if there 
was overlap in binding specificities. Doing so revealed some interesting trends. Some 
nTreg receptors could bind multiple mimotopes whereas others could not. Many of the 
mimotopes these nTreg TCRs bind regularly contain multiple, basic residues from the p5 
to the C terminal of the peptide. Because of the high sequence similarity between these 
nTreg TCRs (differing primarily in the TCRα CDR3 region Table 5.1), it is unsurprising 
that these mimotopes shared amino acid similarities. However, as shown previously, 
pairing of TCRβ chains different TCRα chains or TCRα chains with unique CDR3α 
sequences can lead to different levels of peptide cross reactivity30. The differences in 
which mimotopes these receptors bind further support these findings. Because of this, 
there may be a range peptide cross-reactivity even among nTregs with TCRs of similar 
sequences.  
These results have regulatory implications, suggesting that some nTreg receptors 
may be able to bind multiple peripheral peptides to maintain tolerance, whereas others 
may be much more peptide specific. That could also mean that some nTregs are generally 
more suppressive than others. These observed differences in nTreg peptide specificity 
also suggest that there may be additional, detectable amino acid sequence differences that 
can predict the range of cross reactivity even within an nTreg TCR population115 
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However, the data collected here is somewhat biased by which randomized library 
mimotopes individual nTreg TCR multimers could isolate. Isolation of more mimotopes 
by each receptor might paint a better picture of their cross reactivity. Additionally, this 
assumes that the mimotope library comprehensively covers all potential peptide 
combinations. Some of the screened nTreg receptors that displayed no binding might 
have specificities towards peptides that aren’t present in the randomized libraries. 
Because of this, additional nTreg receptors with different TCRα and TCRβ combinations 
need to be investigated to better understand the peptide specificity of nTregs.  
 
Finding a self-peptide and mimotope bound by the same nTreg TCR allowed for 
us to solve the protein crystal structures and draw structural comparisons. It is clear that 
3H2 associates with both foreign and self-peptide MHC in a fairly conventional 
orientation. Additionally, differences in 3H2 binding between self and non-self were, for 
the most part, quite minimal. The majority of the 3H2 TCR’s CDR loops were utilized in 
the same way to engage I-Ab-Ifitm3 and I-Ab-mimotope. This may be due to biochemical 
and structural similarity of residues between Ifitm3 and the mimotope. It may be possible 
that other mimotopes that bind and activate 3H2 also adopt similar conformations in the 
I-Ab binding pocket. However some mimotopes differ greatly in the p5 position, 
indicating that there may be more complex interactions involved (Figure 5.4 and 
Appendix F.10). 
Despite binding with conventional orientation, the 3H2 TCR structures appear to 
have small total buried surface compared to other reported TCR-pMHC structures. This 
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means that total interface formed when an nTreg TCR engages pMHC might be smaller 
than ones formed by conventional receptors. What a small BSA means at a biochemical 
level is not exactly clear. However, this property is observed in some structures of cross 
reactive T cells178,179.  
Some cross reactive TCRs that generate a small buried surface establish the 
majority of binding energy with hotspot locations found within the peptide180,179. The 
observed contacts and buried surface reflect this, with the majority of total buried surface 
at the interface centering over the presented peptide. Specifically, the human derived, 
autoimmune, CD8+ TCR called 1E6 adopts a peculiar binding strategy that focuses on 
three consistent peptide amino acid hot spots between different epitopes179. 1E6 
establishes different constellations of MHC amino acid contacts while maintaining these 
conserved interactions between different peptide cargo and with a large range of binding 
affinities179.  
Other cross reactive receptors, adopt a slightly different approach. These receptors 
primarily establishing highly energetic peptide hot spots with MHC residues with 
lowered emphasis on the peptide21,58,181. However, the total BSA of these structures do 
not vary greatly from other reported structures. Of note, while the Yae62.8 TCR binding 
I-Ab-3K does not generate a total BSA a small as observed in the 3H2 structures, it does 
bury less surface over the 3K peptide than the conventional J809.B5 TCR, and only 
derives a portion of its binding energy from primarily one peptide amino acid hot spot58.  
Unlike 1E6, 3H2 does not establish the majority of its buried surface over the 
presented peptide. Instead, the 3H2 TCR buries less surface over both Ifitm3 and the 
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mimotope similar to Yae62.8. This pattern hints 3H2 may be less peptide specific and 
may use its CDR loops to establish proportionally more, high energy contacts with I-Ab. 
However, further surface plasmon resonance and mutagenesis experiments would have to 
be performed to measure the binding energy contributed to by each peptide amino acid 
contact. This data could also be used to draw comparisons between how the small BSA 
generated by 3H2 and 1E6 relates to their energetic footprint and their peptide specificity. 
Whether the generation of a small BSA is unique to 3H2 or is common amongst other 
nTreg receptors would be also be revealed as more structures are solved.  
 
Another interesting feature of the 3H2-mimotope structure is the additional 
contacts made with the peptide linker. 3H2 appears to have higher relative avidity 
towards this mimotope despite the similarities between the two peptides. These contacts 
made by 3H2 to this linker region may explain why it was capable of binding so many 
additional mimotopes. Due to the constraints of the baculoviral display libraries, the 
flexible linker is required to ensure the associate peptide is loaded into the MHC binding 
pocket and for I-Ab to properly refold and be presented on the surface of an insect cell. 
However, its presence provides potential contacts point for an engaging TCR that may 
heighten binding artificially. While the linker may not be a problem with dealing with 
peptide mimotopes or artificial peptides, it may prove problematic when testing defined 
antigens. Normally the problem of a linker can be circumvented by challenging T cells 
with APCs pulsed with soluble peptides, it is more difficult in the case of 3H2. This is 
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because 3H2 transfectomas respond to self-peptides present at the steady state in all the 
APCs used to challenge it. 
There have been previous reports of an increase in binding affinity when TCRs 
associate with peptides containing extensions of peripheral residues flanking then core 
peptide (at both the N and C terminal)182. These extended residues can enhance T cell 
responses by potentially acting as additional contacts182. Applying this information to 
how 3H2 engages the mimotope and its linker, it may suggest some Tregs may recognize 
longer truncations of a peptide with higher affinity than their shorter counterparts if the 
proteins were processed differently. More work in the future can be performed as 
additional self-peptide ligands are identified for Treg TCRs to see how peptide length 
influences affinity and activation.  
 Another important caveat of the data presented here is the use of the Yaeβ chain 
for all screened Treg TCRs. We chose TCRs sequenced from Yaeβ transgenic mice 
because this receptor tends to skew TCR combinations to be more self-reactive115. 
However, this TCRβ chain has also been extensively characterized and is known for 
making contacts with I-Ab using germline encoded residues23,30,58. The Yaeβ chain may 
effectively constrain the binding range of all observed TCR-pMHC interactions with I-Ab 
to those of similar orientations181. This further highlights the necessity for additional 
structures to be solved using polyclonal nTreg TCRs expressing a variety of TCRα and 
TCRβ combinations. 
However, the data presented here suggests that non-conventional binding as a 
means to evade negative selection may not be necessary nTreg development56,59. Many 
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more, polyclonal nTreg structures will have to be solved in order to understand if this 
continues to hold true. Additionally, there appears to be a range of potential peptide 
cross-reactivity that differs between individual Treg receptors. This suggests there may 
be nTregs that are more specific for individual peptides in a given environment and 
others nTregs that have the potential to be less specific and broadly suppressive in the 
periphery. As the identity of more nTreg self-peptides are found, the rates of self-peptide 
cross-reactivity of nTregs can be further characterized. Additionally, more structures 
should be solved in order to provide a better understand the range and properties of nTreg 
TCRs binding to self-peptide MHC complexes. 
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Chapter VI 
Conclusions 
 
Peptide specific T cell responses are important for protective adaptive immune 
immunity. At the same time, T cells must express T cell receptors capable of engaging 
more than one potential peptide-MHC complex70–72. This balance between MHC and 
peptide specificity is known to be imposed up T cells during thymic selection18,78,81. 
However, in the case of alloreactivity, selection cannot directly shape this balance against 
foreign MHC alleles. As a result, there have been reports that alloreactive responses are 
different from conventional responses in two different ways: 1) By a T cell receptor’s 
innate bias to bind MHC molecules with little to no regard to the presented 
peptide19,23,24,28, and 2) by peptide specific recognition of a new peptides presented by 
alloMHC molecules76,103,104. However, more work is still needed to help define the rules 
that govern whether or not alloreactive responses are peptide specific.  
Significant progress has been made in understanding how T cell receptors 
recognize and respond to peptides on MHC molecules through studying the phenomenon 
of alloreactivity. A major tool driving this research is peptide libraries that can be used to 
find cognate TCR/peptide pairings for more in depth analysis57,73,77,99,103,128,129. Such 
libraries have also proven useful in finding activating self-peptides for self-reactive T 
cells to study autoimmunity, as well as studying the general properties of T cell cross 
reactivity57,73,103. Nevertheless, the power of peptide libraries primarily comes from the 
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peptides represented within it. Mimotope libraries may have a large diversity of potential 
sequences, but such Mimotopes may not correlated with real word antigens128,129.  
Here, we established a unique peptide-linked MHC II display library consisting of 
mouse derived self-peptides bound to the I-Ab allele. We used this library to identify 
activating allo-peptides for alloreactive T cells and determined that their peptide 
recognition is degenerate. This library was also used to find a self-peptide that activates a 
natural T regulatory cell, serving as a basis to solve a protein crystal structure of this 
interaction. This structure revealed that this nTreg bound pMHC with a conventional T 
cell binding orientation while establishing a small buried surface. 
 
The I-Ab Self Peptide Display Library 
 In the first part of our study, we constructed a self-peptide display consisting of 
peptides eluted from the mouse I-Ab MHC II molecule. We used structural data to predict 
the peptide binding register, and obtained approximately 300 different expressing self-
peptides that represent a small portion of the self-peptides found on I-Ab. Different 
peptide constructs induced varying relative levels of MHC expression on insect cell 
surfaces. This may be due to overall differences in the stability and affinity of peptide 
binding to the I-Ab binding pocket. Further experiments may reveal defined motifs that 
can be used to predict the affinity of peptides to the I-Ab binding pocket. 
Future self-peptide libraries may employ pools of defined, soluble peptides to 
screen T cells for activation before generating MHC-linked peptide versions for further 
analyses. Other, high throughput methods are also being developed that could increase 
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the speed and size of screens155. As the peptidomes of different MHC alleles are both 
identified and quantified, larger libraries can be made to act as more powerful tools. It 
may soon be possible to challenge T cells of interest against libraries built from the 
peptidomes of highly specific APC populations. These kinds of advanced libraries could 
be used for therapeutic purposes through identifying the peptide targets of self-reactive 
cells. 
 
Selection and self-peptide specificity    
 A key observation from this study was that the self-peptide specificity of T cell 
receptors is influenced by negative selection. Given that negative selection shapes the 
foreign peptide specificity of the emerging T cell repertoire it is not surprising that it 
effects self-peptide specificity as well81. The TCRs from SP mice display distinct self-
reactive properties, because they bind self-peptide MHC complexes with high peptide 
degeneracy. However, this is not true peptide degeneracy, as there are specific peptide 
hot spot requirements in order for these receptors to bind and activate. However, the 
number of peptide hotspots appear much fewer in number and the amino acid 
requirements are much less stringent than those typically established during sufficient 
selection73,146. The establishment of these degenerate self-peptide hot spots likely occurs 
because these TCRs establish highly energetic contacts with MHC residues, but further 
analysis is required to confirm this. 
 
Degenerate peptide specificity and alloreactive receptors 
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We provide evidence here that the peptide specificity of alloreactivity between 
two disparate MHC alleles represented here is predominately degenerate. This supports 
the proposed model establishing rules for the molecular mechanisms that drive 
alloreactivity105. Because the alleles were largely different, alloreactivity may be 
explained through increased MHC contacts. Even so, peptide recognition does not appear 
to be completely degenerate. This is similar to the requirement for specific peptides 
observed with highly cross reactive T cells from SP mice. However the degree of peptide 
hot spot flexibility appears more stringent in these alloreactive receptors than what was 
observed in SP receptors. This is because there fewer numbers of activating self-peptides 
and more stringent binding requirements for mimotopes. 
It is not entirely clear if these alloreactive receptors are compensating for 
degenerate peptide recognition through greater engagement with I-Ab.  Experiments 
utilizing I-Ab alanine mutants revealed multiple I-Ab contacts that were important for 
these alloreactive TCRs to engage their immunizing peptide30. Our data implies that these 
same contacts may remain important for engaging the self-peptides and mimotopes found 
here. However, these receptors may utilize different constellations of I-Ab residues to 
engage different I-Ab bound self-peptides and mimotopes instead. Additional experiments 
will be needed to better understand how these receptors establish MHC and peptide 
contacts. 
One interesting direction would be to see if I-Ab restricted, alloreactive T cells 
from H-2Kb knockout mice bind H-2Kb with degenerate peptide recognition. It would 
also be interesting to challenge T cells restricted the more closely related I-Ak allele on 
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this self-peptide display library to see if alloresponses in this situation are peptide 
specific. These additional experiments would further test what dictates the peptide 
specificity of alloreactivity. Regardless, these data suggest that the identity of selecting 
MHC alleles does have some influence in the peptide specificity of allogeneic responses. 
Further understanding of how the peptide specificity of an alloreactive T cell is shaped 
might prove useful when using allogenic T cells for some chimeric antigen receptor 
therapy techniques92,94. 
 
An nTreg TCR engages an activating self and foreign peptide MHC in a conventional 
orientation  
Identifying cognate self-peptide antigens for nTregs has been a major hurdle in 
understanding how these receptors develop in the thymus as well as function in the 
periphery. Here, we used our self-peptide display library to find an activating, low 
affinity peptide for an nTreg. This demonstrates self-peptide libraries are a viable 
solution for finding activating nTreg self-peptides, and will be useful for characterizing 
more nTregs in the future. Future libraries may benefit from a larger number of self-
peptides based on the low hit rate observed in this study. 
The nTreg TCR engaged both a self-peptide and a foreign mimotope on the I-Ab 
MHC molecule with a conventional orientation and with only modest differences 
between structures. This precludes TCR binding in reversed orientation as a primary 
mechanism by which nTregs survive negative selection, yet remain self-reactive59. It also 
suggests that some nTregs may bind with self and foreign/commensal antigens similarly.  
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Lastly, the screened Treg TCRs all bound foreign mimotopes with different rates 
of cross-reactivity. The 3H2 TCR was capable of binding many different mimotopes that 
had greater differences in amino acid composition, while other nTreg TCRs appeared to 
have more stringent requirements. This data may suggest that nTregs have ranges of 
peptide cross reactivity. Could this mean that some nTregs can bind multiple, peripheral 
self-peptides whereas others are remain more peptide specific? If that is the case, are 
some nTreg receptors better at suppressing self-reactivity than others?  
Interestingly, a recent study appear to support the model that nTregs exhibit 
different specificities. In this case, it appears that limiting nTreg expression to one TCR 
delays autoimmunity in mice ablated of all other Treg clonotypes183. However, the extent 
of this protective effect may be different depending on what Treg TCRs are used. More 
research is needed to understand nTreg TCR self-peptides in order to understand how 
they survive negative selection and how they engage their cognate peptides in the 
periphery. Knowledge of activating peptides and kinetics of Treg binding might prove 
valuable for using Tregs to suppress autoimmune disease or target specific Treg 
populations for elimination in tumor environment. 
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Appendix A 
TCR Constructs 
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J809.B5 TCRa in pBacp10pH With Zippers (2990 Base) 
 
     XhoI 
GATCCTCGAGAAGGAATGGACACGATCCTGACAGCATCATTTTTACTTCTAGGCCTTCACCTA 
                M  D  T  I  L  T  A  S  F  L  L  L  G  L  H  L 
     <----------Va2.3 leader------------------------- 
TCTGGGGTGAGTGGCCAGCAGGAGAAACGTGACCAGCAGCAGGTGAGACAAAGTCCCCAATCT 
 S  G  V  S  G  Q  Q  E  K  R  D  Q  Q  Q  V  R  Q  S  P  Q  S  
-----------------------------------><---------------Va2.8------ 
CTGACAGTCTGGGAAGGAGAGACCGCAATTCTAAACTGCAGTTATGAGAACAGTGCTTTTGAC 
 L  T  V  W  E  G  E  T  A  I  L  N  C  S  Y  E  N  S  A  F  D  
--------------------------------------------------------------- 
TACTTCCCATGGTACCAGCAGTTCCCTGGGGAAGGCCCTGCTCTCCTGATAGCCATACGTTCA 
 Y  F  P  W  Y  Q  Q  F  P  G  E  G  P  A  L  L  I  A  I  R  S  
--------------------------------------------------------------- 
GTGTCCGATAAAAAGGAAGATGGACGATTCACAATCTTCTTCAATAAAAGGGAGAAAAAGCTC 
 V  S  D  K  K  E  D  G  R  F  T  I  F  F  N  K  R  E  K  K  L  
--------------------------------------------------------------- 
TCCTTGCACATCACAGACTCTCAGCCTGGAGACTCAGCCACTTACTTCTGTGCAGCAAGTAAA 
 S  L  H  I  T  D  S  Q  P  G  D  S  A  T  Y  F  C  A  A  S  K 
-----------------------------------------------------------><-- 
GGTGCAGATAGACTCACCTTTGGGAAAGGAACTCAGCTGATCATCCAGCCCTACATCCAGAAT 
 G  A  D  R  L  T  F  G  K  G  T  Q  L  I  I  Q  P  Y  I  Q  N  
-N---><-------------TRAJ45*01----------------------><-----Ca--- 
BspeI 
CCGGAACCTGCTGTGTACCAGTTAAAAGATCCTCGGTCTCAGGACAGCACCCTCTGCCTGTTC 
 P  E  P  A  V  Y  Q  L  K  D  P  R  S  Q  D  S  T  L  C  L  F  
--------------------------------------------------------------- 
ACCGACTTTGACTCCCAAATCAATGTGCCGAAAACCATGGAATCTGGAACGTTCATCACTGAC 
 T  D  F  D  S  Q  I  N  V  P  K  T  M  E  S  G  T  F  I  T  D  
--------------------------------------------------------------- 
AAAACTGTGCTGGACATGAAAGCTATGGATTCCAAGAGCAATGGGGCCATTGCCTGGAGCAAC 
 K  T  V  L  D  M  K  A  M  D  S  K  S  N  G  A  I  A  W  S  N  
--------------------------------------------------------------- 
CAGACAAGCTTCACCTGCCAAGATATCTTCAAAGAGACCGACGCCACCTACCCGAGCTCAGAC 
 Q  T  S  F  T  C  Q  D  I  F  K  E  T  D  A  T  Y  P  S  S  D  
--------------------------------------------------------------- 
GTTCCCTGTGGTGGAGGTACCGCTCAATTGAAGAAGAAGCTCCAAGCCCTCAAGAAGAAAAAT 
 V  P  C  G  G  G  T  A  Q  L  K  K  K  L  Q  A  L  K  K  K  N  
--------><Linker-><-------------------------------------------- 
GCCCAGTTGAAGTGGAAGCTGCAAGCCCTGAAAAAGAAACTGGCCCAGGCTAGCGGCGGAGGT 
 A  Q  L  K  W  K  L  Q  A  L  K  K  K  L  A  Q  A  S  G  G  G  
-------------------basic zipper-------------------------------- 
TTCATGTTTGGTCATGTAGTTAACTTTGTAATTATATTAATTGTGATTTTATTTTTATACTGT 
 F  M  F  G  H  V  V  N  F  V  I  I  L  I  V  I  L  F  L  Y  C  
--------------------------------------------------------------- 
ATGATTAGAAACCGTAATAGACAATATTAA 
 M  I  R  N  R  N  R  Q  Y  *  
--------------------------> 
YaeB Chain in pBacp10pH Soluble 
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   EcoRI 
ACGAATTCGAGAGGAAGCATGTCTAACACTGCCTTCCCTGACCCCGCCTGGACCACCACCCTC 
                   M  S  N  T  A  F  P  D  P  A  W  T  T  T  L 
   <-------------------------Leader------------- 
TTAAGTTGGGTTGCTCTCTTTCTCCTGGGAACCAAACATATGGAGGCTGCAGTCACCCAAAGC 
 L  S  W  V  A  L  F  L  L  G  T  K  H  M  E  A  A  V  T  Q  S  
-----------------------------------------------><-------------- 
CCAAGAAACAAGGTGGCAGTAACAGGAGGAAAGGTGACATTGAGCTGTAATCAGACTAATAAC 
 P  R  N  K  V  A  V  T  G  G  K  V  T  L  S  C  N  Q  T  N  N  
-------------------------------------------VB8.2--------------- 
CACAACAACATGTACTGGTATCGGCAGGACACGGGGCATGGGCTGAGGCTGATCCATTATTCA 
 H  N  N  M  Y  W  Y  R  Q  D  T  G  H  G  L  R  L  I  H  Y  S  
--------------------------------------------------------------- 
TATGGTGCTGGCAGCACTGAGAAAGGAGATATCCCTGATGGATACAAGGCCTCCAGACCAAGC 
 Y  G  A  G  S  T  E  K  G  D  I  P  D  G  Y  K  A  S  R  P  S  
--------------------------------------------------------------- 
CAAGAGAACTTCTCCCTCATTCTGGAGTTGGCTACCCCCTCTCAGACATCAGTGTACTTCTGT 
 Q  E  N  F  S  L  I  L  E  L  A  T  P  S  Q  T  S  V  Y  F  C  
--------------------------------------------------------------- 
GCCAGCGGTGATTTCTGGGGGGACACCTTGTACTTTGGTGCGGGCACCCGACTATCGGTGCTA 
 A  S  G  D  F  W  G  D  T  L  Y  F  G  A  G  T  R  L  S  V  L  
--------><--Variable---><-------------VBJ2-4*01---------------- 
  BglII 
GAAGATCTGAGAGATGTGACTCCACCCAAGGTCTCCTTGTTTGAGCCATCAAAAGCAGAGATT 
 E  D  L  R  D  V  T  P  P  K  V  S  L  F  E  P  S  K  A  E  I  
><------------------------------Cb---------------------------- 
GCAAACAAACAAAAGGCTACCCTCGTGTGCTTGGCCAGGGGCTTCTTCCCTGACCACGTGGAG 
 A  N  K  Q  K  A  T  L  V  C  L  A  R  G  F  F  P  D  H  V  E 
--------------------------------------------------------------- 
CTGAGCTGGTGGGTGAATGGCAAGGAGGTCCACAGTGGGGTCAGCACGGACCCTCAGGCCTAC 
 L  S  W  W  V  N  G  K  E  V  H  S  G  V  S  T  D  P  Q  A  Y  
--------------------------------------------------------------- 
AAGGAGAGCAATTATAGCTACTCCCTGAGCAGCCGCCTGAGGGTCTCTGCTACCTTCTGGCAC 
 K  E  S  N  Y  S  Y  S  L  S  S  R  L  R  V  S  A  T  F  W  H  
--------------------------------------------------------------- 
AATCCTCGAAACCACTTCCGCTGCCAAGTGCAGTTCCATGGGCTTTCAGAGGAGGACAAGTGG 
 N  P  R  N  H  F  R  C  Q  V  Q  F  H  G  L  S  E  E  D  K  W  
--------------------------------------------------------------- 
CCAGAGGGCTCACCCAAACCTGTCACACAGGACATCAGTGCAGAGGCCTGGGGCCGAGCAGAC 
 P  E  G  S  P  K  P  V  T  Q  D  I  S  A  E  A  W  G  R  A  D  
--------------------------------------------------------------- 
TGTGGTTCCAGTCGTACGGCCCAGCTGGAGAAGGAGCTTCAGGCACTGGAGAAGGAGAATGCC 
 C  G  S  S  R  T  A  Q  L  E  K  E  L  Q  A  L  E  K  E  N  A  
-----><--Linker--><----------Acid Zipper----------------------- 
CAGCTGGAGTGGGAGCTTCAGGCACTGGAGAAGGAGCTGGCACAGGCTAGCTAG 
 Q  L  E  W  E  L  Q  A  L  E  K  E  L  A  Q  A  S  *  
--------------------------------------------------> 
 
 
176 
 
3H1 TCRa in pBacp10pH 
  XhoI 
CCTCGAGAAGGAATGGACACGATCCTGACAGCATCGTTTTTACTCCTAGGCCTTCACCTAGCT                          
             M  D  T  I  L  T  A  S  F  L  L  L  G  L  H  L  A 
            <----------------leader---------------------------- 
GGGGTGAGTGGCCAGCAGCAGGAGAAACATGACCAGCAGCAGGTGAGACAAAGTCCCCAATCT 
 G  V  S  G  Q  Q  Q  E  K  H  D  Q  Q  Q  V  R  Q  S  P  Q  S 
-----------------------------------><---------------Va2.1/9---- 
CTGACAGTCTGGGAAGGAGAGACAGCAATTCTGAACTGCAGTTATGAGGACAGCACTTTTGAC 
 L  T  V  W  E  G  E  T  A  I  L  N  C  S  Y  E  D  S  T  F  D 
--------------------------------------------------------------- 
TACTTCCCATGGTACCATCAGTTCCCTGGGGAAAGCCCTGCACTCCTGATAGCCATACGTCCA 
 Y  F  P  W  Y  H  Q  F  P  G  E  S  P  A  L  L  I  A  I  R  P 
--------------------------------------------------------------- 
GTGTCCAATAAAAAGGAAGATGGACGATTCACAATCTTCTTCAATAAAAGGGAGAAAAAGTTC 
 V  S  N  K  K  E  D  G  R  F  T  I  F  F  N  K  R  E  K  K  F 
--------------------------------------------------------------- 
TCCTTGCACATCGCAGACTCTCAGCCTGGAGACTCAGCCACCTACTTCTGTGCAGCAAGTGCG 
 S  L  H  I  A  D  S  Q  P  G  D  S  A  T  Y  F  C  A  A  S  A 
-----------------------------------------------------------><-- 
CGCAATAACAGAATCTTCTTTGGTGATGGGACGCAGCTGGTGGTGAAGCCCAACATCCAGAAT 
 R  N  N  R  I  F  F  G  D  G  T  Q  L  V  V  K  P  N  I  Q  N  
-N---><-------------TRAJ31*01----------------------><-----Ca--- 
BspeI 
CCGGAACCTGCTGTGTACCAGTTAAAAGATCCTCGGTCTCAGGACAGCACCCTCTGCCTGTTC 
 P  E  P  A  V  Y  Q  L  K  D  P  R  S  Q  D  S  T  L  C  L  F  
--------------------------------------------------------------- 
ACCGACTTTGACTCCCAAATCAATGTGCCGAAAACCATGGAATCTGGAACGTTCATCACTGAC 
 T  D  F  D  S  Q  I  N  V  P  K  T  M  E  S  G  T  F  I  T  D  
--------------------------------------------------------------- 
AAAACTGTGCTGGACATGAAAGCTATGGATTCCAAGAGCAATGGGGCCATTGCCTGGAGCAAC 
 K  T  V  L  D  M  K  A  M  D  S  K  S  N  G  A  I  A  W  S  N  
--------------------------------------------------------------- 
CAGACAAGCTTCACCTGCCAAGATATCTTCAAAGAGACCGACGCCACCTACCCGAGCTCAGAC 
 Q  T  S  F  T  C  Q  D  I  F  K  E  T  D  A  T  Y  P  S  S  D  
--------------------------------------------------------------- 
GTTCCCTGTTAG 
 V  P  C  * 
-----------> 
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3H2 TCRα in pBacp10pH 
     XhoI 
GATCCTCGAGAAGGAATGGACACGATCCTGACAGCATCATTTTTACTTCTAGGCCTTCACCTA 
                M  D  T  I  L  T  A  S  F  L  L  L  G  L  H  L 
     <----------Va2.3 leader------------------------- 
TCTGGGGTGAGTGGCCAGCAGGAGAAACGTGACCAGCAGCAGGTGAGACAAAGTCCCCAATCT 
 S  G  V  S  G  Q  Q  E  K  R  D  Q  Q  Q  V  R  Q  S  P  Q  S  
-----------------------------------><---------------Va2.8------ 
CTGACAGTCTGGGAAGGAGAGACCGCAATTCTAAACTGCAGTTATGAGAACAGTGCTTTTGAC 
 L  T  V  W  E  G  E  T  A  I  L  N  C  S  Y  E  N  S  A  F  D  
--------------------------------------------------------------- 
TACTTCCCATGGTACCAGCAGTTCCCTGGGGAAGGCCCTGCTCTCCTGATAGCCATACGTTCA 
 Y  F  P  W  Y  Q  Q  F  P  G  E  G  P  A  L  L  I  A  I  R  S  
--------------------------------------------------------------- 
GTGTCCGATAAAAAGGAAGATGGACGATTCACAATCTTCTTCAATAAAAGGGAGAAAAAGCTC 
 V  S  D  K  K  E  D  G  R  F  T  I  F  F  N  K  R  E  K  K  L  
--------------------------------------------------------------- 
TCCTTGCACATCACAGACTCTCAGCCTGGAGACTCAGCCACTTACTTCTGTGCAGCAAGTGCG 
 S  L  H  I  T  D  S  Q  P  G  D  S  A  T  Y  F  C  A  A  S  A 
-----------------------------------------------------------><-- 
CGCAATAACAGAATCTTCTTTGGTGATGGGACGCAGCTGGTGGTGAAGCCCAACATCCAGAAT 
 R  N  N  R  I  F  F  G  D  G  T  Q  L  V  V  K  P  N  I  Q  N  
-N---><-------------TRAJ31*01----------------------><-----Ca--- 
BspeI 
CCGGAACCTGCTGTGTACCAGTTAAAAGATCCTCGGTCTCAGGACAGCACCCTCTGCCTGTTC 
 P  E  P  A  V  Y  Q  L  K  D  P  R  S  Q  D  S  T  L  C  L  F  
--------------------------------------------------------------- 
ACCGACTTTGACTCCCAAATCAATGTGCCGAAAACCATGGAATCTGGAACGTTCATCACTGAC 
 T  D  F  D  S  Q  I  N  V  P  K  T  M  E  S  G  T  F  I  T  D  
--------------------------------------------------------------- 
AAAACTGTGCTGGACATGAAAGCTATGGATTCCAAGAGCAATGGGGCCATTGCCTGGAGCAAC 
 K  T  V  L  D  M  K  A  M  D  S  K  S  N  G  A  I  A  W  S  N  
--------------------------------------------------------------- 
CAGACAAGCTTCACCTGCCAAGATATCTTCAAAGAGACCGACGCCACCTACCCGAGCTCAGAC 
 Q  T  S  F  T  C  Q  D  I  F  K  E  T  D  A  T  Y  P  S  S  D  
--------------------------------------------------------------- 
GTTCCCTGTTAG 
 V  P  C  * 
-----------> 
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3H31 pBacp10pH 
     XhoI 
GATCCTCGAGAAGGAATGGACACGATCCTGACAGCATCATTTTTACTTCTAGGCCTTCACCTA 
                M  D  T  I  L  T  A  S  F  L  L  L  G  L  H  L 
     <----------Va2.3 leader------------------------- 
TCTGGGGTGAGTGGCCAGCAGGAGAAACGTGACCAGCAGCAGGTGAGACAAAGTCCCCAATCT 
 S  G  V  S  G  Q  Q  E  K  R  D  Q  Q  Q  V  R  Q  S  P  Q  S  
-----------------------------------><---------------Va2.8------ 
CTGACAGTCTGGGAAGGAGAGACCGCAATTCTAAACTGCAGTTATGAGAACAGTGCTTTTGAC 
 L  T  V  W  E  G  E  T  A  I  L  N  C  S  Y  E  N  S  A  F  D  
--------------------------------------------------------------- 
TACTTCCCATGGTACCAGCAGTTCCCTGGGGAAGGCCCTGCTCTCCTGATAGCCATACGTTCA 
 Y  F  P  W  Y  Q  Q  F  P  G  E  G  P  A  L  L  I  A  I  R  S  
--------------------------------------------------------------- 
GTGTCCGATAAAAAGGAAGATGGACGATTCACAATCTTCTTCAATAAAAGGGAGAAAAAGCTC 
 V  S  D  K  K  E  D  G  R  F  T  I  F  F  N  K  R  E  K  K  L  
--------------------------------------------------------------- 
TCCTTGCACATCACAGACTCTCAGCCTGGAGACTCAGCCACTTACTTCTGCGCTGCTTCCAAC 
 S  L  H  I  T  D  S  Q  P  G  D  S  A  T  Y  F  C  A  A  S  N  
-----------------------------------------------------------><n> 
GGTTCCGGTGGTAAGCTGACCCTGGGGGCTGGAACAAGACTTCAGGTCAACCTTGACATCCAG 
 G  S  G  G  K  L  T  L  G  A  G  T  R  L  Q  V  N  L  D  I  Q  
<---------------TRAJ44*01-----------------------------><------- 
  BspeI 
AATCCGGAACCTGCTGTGTACCAGTTAAAAGATCCTCGGTCTCAGGACAGCACCCTCTGCCTG 
 N  P  E  P  A  V  Y  Q  L  K  D  P  R  S  Q  D  S  T  L  C  L  
--------------Ca----------------------------------------------- 
TTCACCGACTTTGACTCCCAAATCAATGTGCCGAAAACCATGGAATCTGGAACGTTCATCACT 
 F  T  D  F  D  S  Q  I  N  V  P  K  T  M  E  S  G  T  F  I  T  
--------------------------------------------------------------- 
GACAAAACTGTGCTGGACATGAAAGCTATGGATTCCAAGAGCAATGGGGCCATTGCCTGGAGC 
 D  K  T  V  L  D  M  K  A  M  D  S  K  S  N  G  A  I  A  W  S  
--------------------------------------------------------------- 
AACCAGACAAGCTTCACCTGCCAAGATATCTTCAAAGAGACCGACGCCACCTACCCGAGCTCA 
 N  Q  T  S  F  T  C  Q  D  I  F  K  E  T  D  A  T  Y  P  S  S  
--------------------------------------------------------------- 
GACGTTCCCTGTTAG 
 D  V  P  C  * 
--------------- 
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3L1 pBacp10pH 
     XhoI 
GATCCTCGAGAAGGAATGGACACGATCCTGACAGCATCATTTTTACTTCTAGGCCTTCACCTA 
                M  D  T  I  L  T  A  S  F  L  L  L  G  L  H  L 
     <----------Va2.3 leader------------------------- 
TCTGGGGTGAGTGGCCAGCAGGAGAAACGTGACCAGCAGCAGGTGAGACAAAGTCCCCAATCT 
 S  G  V  S  G  Q  Q  E  K  R  D  Q  Q  Q  V  R  Q  S  P  Q  S  
-----------------------------------><---------------Va2.8------ 
CTGACAGTCTGGGAAGGAGAGACCGCAATTCTAAACTGCAGTTATGAGAACAGTGCTTTTGAC 
 L  T  V  W  E  G  E  T  A  I  L  N  C  S  Y  E  N  S  A  F  D  
--------------------------------------------------------------- 
TACTTCCCATGGTACCAGCAGTTCCCTGGGGAAGGCCCTGCTCTCCTGATAGCCATACGTTCA 
 Y  F  P  W  Y  Q  Q  F  P  G  E  G  P  A  L  L  I  A  I  R  S  
--------------------------------------------------------------- 
GTGTCCGATAAAAAGGAAGATGGACGATTCACAATCTTCTTCAATAAAAGGGAGAAAAAGCTC 
 V  S  D  K  K  E  D  G  R  F  T  I  F  F  N  K  R  E  K  K  L  
--------------------------------------------------------------- 
TCCTTGCACATCACAGACTCTCAGCCTGGAGACTCAGCCACTTACTTCTGTGCAGCAAGTGTG 
 S  L  H  I  T  D  S  Q  P  G  D  S  A  T  Y  F  C  A  A  S  V  
-----------------------------------------------------------><-- 
GGCGGCAGCAACGCTAAATTGACTTTCGGTAAGGGTACCAAGCTGTCCGTGAAGTCCAACATC 
 G  G  S  N  A  K  L  T  F  G  K  G  T  K  L  S  V  K  S  N  I  
-----N----------------><--------------TCRAJ42*01-----------><-- 
     BspeI 
CAGAATCCGGAACCTGCTGTGTACCAGTTAAAAGATCCTCGGTCTCAGGACAGCACCCTCTGC 
 Q  N  P  E  P  A  V  Y  Q  L  K  D  P  R  S  Q  D  S  T  L  C  
-------Ca------------------------------------------------------ 
CTGTTCACCGACTTTGACTCCCAAATCAATGTGCCGAAAACCATGGAATCTGGAACGTTCATC 
 L  F  T  D  F  D  S  Q  I  N  V  P  K  T  M  E  S  G  T  F  I  
--------------------------------------------------------------- 
ACTGACAAAACTGTGCTGGACATGAAAGCTATGGATTCCAAGAGCAATGGGGCCATTGCCTGG 
 T  D  K  T  V  L  D  M  K  A  M  D  S  K  S  N  G  A  I  A  W  
--------------------------------------------------------------- 
AGCAACCAGACAAGCTTCACCTGCCAAGATATCTTCAAAGAGACCGACGCCACCTACCCGAGC 
 S  N  Q  T  S  F  T  C  Q  D  I  F  K  E  T  D  A  T  Y  P  S  
--------------------------------------------------------------- 
TCAGACGTTCCCTGTTAG 
 S  D  V  P  C  *  
--------------> 
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3H5 TCRα pBacp10pH 
  XhoI 
CCTCGAGAAGGAATGGACACGATCCTGACAGCATCGTTTTTACTCCTAGGCCTTCACCTAGCT                          
             M  D  T  I  L  T  A  S  F  L  L  L  G  L  H  L  A 
            <----------------leader---------------------------- 
GGGGTGAGTGGCCAGCAGCAGGAGAAACATGACCAGCAGCAGGTGAGACAAAGTCCCCAATCT 
 G  V  S  G  Q  Q  Q  E  K  H  D  Q  Q  Q  V  R  Q  S  P  Q  S 
-----------------------------------><---------------Va2.1/9---- 
CTGACAGTCTGGGAAGGAGAGACAGCAATTCTGAACTGCAGTTATGAGGACAGCACTTTTGAC 
 L  T  V  W  E  G  E  T  A  I  L  N  C  S  Y  E  D  S  T  F  D 
--------------------------------------------------------------- 
TACTTCCCATGGTACCATCAGTTCCCTGGGGAAAGCCCTGCACTCCTGATAGCCATACGTCCA 
 Y  F  P  W  Y  H  Q  F  P  G  E  S  P  A  L  L  I  A  I  R  P 
--------------------------------------------------------------- 
GTGTCCAATAAAAAGGAAGATGGACGATTCACAATCTTCTTCAATAAAAGGGAGAAAAAGTTC 
 V  S  N  K  K  E  D  G  R  F  T  I  F  F  N  K  R  E  K  K  F 
--------------------------------------------------------------- 
TCCTTGCACATCGCAGACTCTCAGCCTGGAGACTCAGCCACCTACTTCTGCGCTGCTTCCGGT 
 S  L  H  I  A  D  S  Q  P  G  D  S  A  T  Y  F  C  A  A  S  G  
-----------------------------------------------------------><-- 
TCCGCTGGTGCTAACACCGGTAAGCTGACCTTCGGACACGGCACCATCCTTAGGGTCCATCCA 
 S  A  G  A  N  T  G  K  L  T  F  G  H  G  T  I  L  R  V  H  P  
---N----><-------------------TRAJ52*01------------------------> 
      BspeI 
AACATCCAGAATCCGGAACCTGCTGTGTACCAGTTAAAAGATCCTCGGTCTCAGGACAGCACC 
 N  I  Q  N  P  E  P  A  V  Y  Q  L  K  D  P  R  S  Q  D  S  T  
<------------Ca------------------------------------------------ 
CTCTGCCTGTTCACCGACTTTGACTCCCAAATCAATGTGCCGAAAACCATGGAATCTGGAACG 
 L  C  L  F  T  D  F  D  S  Q  I  N  V  P  K  T  M  E  S  G  T  
--------------------------------------------------------------- 
TTCATCACTGACAAAACTGTGCTGGACATGAAAGCTATGGATTCCAAGAGCAATGGGGCCATT 
 F  I  T  D  K  T  V  L  D  M  K  A  M  D  S  K  S  N  G  A  I  
--------------------------------------------------------------- 
GCCTGGAGCAACCAGACAAGCTTCACCTGCCAAGATATCTTCAAAGAGACCGACGCCACCTAC 
 A  W  S  N  Q  T  S  F  T  C  Q  D  I  F  K  E  T  D  A  T  Y  
--------------------------------------------------------------- 
CCGAGCTCAGACGTTCCCTGTGGTGGAGGTACCGCTCAATTGAAGAAGAAGCTCCAAGCCCTC 
 P  S  S  D  V  P  C  G  G  G  T  A  Q  L  K  K  K  L  Q  A  L  
--------------------><-Linker-><-------Basic Zipper------------ 
AAGAAGAAAAATGCCCAGTTGAAGTGGAAGCTGCAAGCCCTGAAAAAGAAACTGGCCCAGTAA 
 K  K  K  N  A  Q  L  K  W  K  L  Q  A  L  K  K  K  L  A  Q  * 
-----------------------------------------------------------> 
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3H7 TCRα pBacp10pH   
     XhoI 
GATCCTCGAGAAGGAATGGACACGATCCTGACAGCATCATTTTTACTTCTAGGCCTTCACCTA 
                M  D  T  I  L  T  A  S  F  L  L  L  G  L  H  L 
     <----------Va2.3 leader------------------------- 
TCTGGGGTGAGTGGCCAGCAGGAGAAACGTGACCAGCAGCAGGTGAGACAAAGTCCCCAATCT 
 S  G  V  S  G  Q  Q  E  K  R  D  Q  Q  Q  V  R  Q  S  P  Q  S  
-----------------------------------><---------------Va2.8------ 
CTGACAGTCTGGGAAGGAGAGACCGCAATTCTAAACTGCAGTTATGAGAACAGTGCTTTTGAC 
 L  T  V  W  E  G  E  T  A  I  L  N  C  S  Y  E  N  S  A  F  D  
--------------------------------------------------------------- 
TACTTCCCATGGTACCAGCAGTTCCCTGGGGAAGGCCCTGCTCTCCTGATAGCCATACGTTCA 
 Y  F  P  W  Y  Q  Q  F  P  G  E  G  P  A  L  L  I  A  I  R  S  
--------------------------------------------------------------- 
GTGTCCGATAAAAAGGAAGATGGACGATTCACAATCTTCTTCAATAAAAGGGAGAAAAAGCTC 
 V  S  D  K  K  E  D  G  R  F  T  I  F  F  N  K  R  E  K  K  L  
--------------------------------------------------------------- 
TCCTTGCACATCACAGACTCTCAGCCTGGAGACTCAGCCACTTACTTCTGCGCTGCTAAGGAG 
 S  L  H  I  T  D  S  Q  P  G  D  S  A  T  Y  F  C  A  A  K  E  
--------------------------------------------------------><--- 
GGTCGTACCAACGCTTACAAGGTGATCTTCGGAAAAGGGACACATCTTCATGTTCTCCCTAAC 
 G  R  T  N  A  Y  K  V  I  F  G  K  G  T  H  L  H  V  L  P  N  
---N----><-------------------------TRAJ30*01---------------><-- 
        BspeI 
ATCCAGAATCCGGAACCTGCTGTGTACCAGTTAAAAGATCCTCGGTCTCAGGACAGCACCCTC 
 I  Q  N  P  E  P  A  V  Y  Q  L  K  D  P  R  S  Q  D  S  T  L  
----------------------------------Ca--------------------------- 
TGCCTGTTCACCGACTTTGACTCCCAAATCAATGTGCCGAAAACCATGGAATCTGGAACGTTC 
 C  L  F  T  D  F  D  S  Q  I  N  V  P  K  T  M  E  S  G  T  F  
--------------------------------------------------------------- 
ATCACTGACAAAACTGTGCTGGACATGAAAGCTATGGATTCCAAGAGCAATGGGGCCATTGCC 
 I  T  D  K  T  V  L  D  M  K  A  M  D  S  K  S  N  G  A  I  A  
--------------------------------------------------------------- 
TGGAGCAACCAGACAAGCTTCACCTGCCAAGATATCTTCAAAGAGACCGACGCCACCTACCCG 
 W  S  N  Q  T  S  F  T  C  Q  D  I  F  K  E  T  D  A  T  Y  P  
--------------------------------------------------------------- 
AGCTCAGACGTTCCCTGTGGTGGAGGTACCGCTCAATTGAAGAAGAAGCTCCAAGCCCTCAAG 
 S  S  D  V  P  C  G  G  G  T  A  Q  L  K  K  K  L  Q  A  L  K  
-----------------><-Linker-><------------Basic Zipper---------- 
AAGAAAAATGCCCAGTTGAAGTGGAAGCTGCAAGCCCTGAAAAAGAAACTGGCCCAGTAA 
 K  K  N  A  Q  L  K  W  K  L  Q  A  L  K  K  K  L  A  Q  * 
--------------------------------------------------------> 
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3H10 TCRα pBacp10pH   
   XhoI 
GATCCTCGAGAAGGAATGGACACGATCCTGACAGCATCATTTTTACTTCTAGGCCTTCACCTA 
                M  D  T  I  L  T  A  S  F  L  L  L  G  L  H  L 
     <----------Va2.3 leader------------------------- 
TCTGGGGTGAGTGGCCAGCAGGAGAAACGTGACCAGCAGCAGGTGAGACAAAGTCCCCAATCT 
 S  G  V  S  G  Q  Q  E  K  R  D  Q  Q  Q  V  R  Q  S  P  Q  S  
-----------------------------------><---------------Va2.8------ 
CTGACAGTCTGGGAAGGAGAGACCGCAATTCTAAACTGCAGTTATGAGAACAGTGCTTTTGAC 
 L  T  V  W  E  G  E  T  A  I  L  N  C  S  Y  E  N  S  A  F  D  
--------------------------------------------------------------- 
TACTTCCCATGGTACCAGCAGTTCCCTGGGGAAGGCCCTGCTCTCCTGATAGCCATACGTTCA 
 Y  F  P  W  Y  Q  Q  F  P  G  E  G  P  A  L  L  I  A  I  R  S  
--------------------------------------------------------------- 
GTGTCCGATAAAAAGGAAGATGGACGATTCACAATCTTCTTCAATAAAAGGGAGAAAAAGCTC 
 V  S  D  K  K  E  D  G  R  F  T  I  F  F  N  K  R  E  K  K  L  
--------------------------------------------------------------- 
TCCTTGCACATCACAGACTCTCAGCCTGGAGACTCAGCCACTTACTTCTGCGCTGCTAACGAC 
 S  L  H  I  T  D  S  Q  P  G  D  S  A  T  Y  F  C  A  A  N  D  
--------------------------------------------------------><N><-- 
CGTGGTTCCGCTCTGGGTCGTCTGCACTTCGGAGCTGGGACTCAGCTGATTGTCATACCTGAC 
 R  G  S  A  L  G  R  L  H  F  G  A  G  T  Q  L  I  V  I  P  D  
---------------------TRAJ18*01-----------------------------><-- 
        BspeI 
ATCCAGAATCCGGAACCTGCTGTGTACCAGTTAAAAGATCCTCGGTCTCAGGACAGCACCCTC 
 I  Q  N  P  E  P  A  V  Y  Q  L  K  D  P  R  S  Q  D  S  T  L  
----------------------------------Ca--------------------------- 
TGCCTGTTCACCGACTTTGACTCCCAAATCAATGTGCCGAAAACCATGGAATCTGGAACGTTC 
 C  L  F  T  D  F  D  S  Q  I  N  V  P  K  T  M  E  S  G  T  F  
--------------------------------------------------------------- 
ATCACTGACAAAACTGTGCTGGACATGAAAGCTATGGATTCCAAGAGCAATGGGGCCATTGCC 
 I  T  D  K  T  V  L  D  M  K  A  M  D  S  K  S  N  G  A  I  A  
--------------------------------------------------------------- 
TGGAGCAACCAGACAAGCTTCACCTGCCAAGATATCTTCAAAGAGACCGACGCCACCTACCCG 
 W  S  N  Q  T  S  F  T  C  Q  D  I  F  K  E  T  D  A  T  Y  P  
--------------------------------------------------------------- 
AGCTCAGACGTTCCCTGTGGTGGAGGTACCGCTCAATTGAAGAAGAAGCTCCAAGCCCTCAAG 
 S  S  D  V  P  C  G  G  G  T  A  Q  L  K  K  K  L  Q  A  L  K  
-----------------><-Linker-><------------Basic Zipper---------- 
AAGAAAAATGCCCAGTTGAAGTGGAAGCTGCAAGCCCTGAAAAAGAAACTGGCCCAGTAA 
 K  K  N  A  Q  L  K  W  K  L  Q  A  L  K  K  K  L  A  Q  * 
--------------------------------------------------------> 
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Appendix B 
MHC Constructs 
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B.1 
I-Abβ chain with 3K in pBacp10pH  
 
  EcoRI 
AATACGGAATTCTTAGAGATGGCTCTGCAGATCCCCAGCCTCCTCCTCTTGGCTGCTGTTGTG 
                   M  A  L  Q  I  P  S  L  L  L  L  A  A  V  V  
                   <----------------------signal sequence------ 
GTGCTGACGGTGCTGAGCAGCCCCGGGACTGAGGGCTTTGAGGCTCAGAAAGCAAAAGCCAAC 
 V  L  T  V  L  S  S  P  G  T  E  G  F  E  A  Q  K  A  K  A  N  
-----------------------------------><-----------3K peptide----- 
                           SpeI 
AAAGCTGTCGACGGAGGTGGCGGGTCACTAGTGGGCGGAGGAAGTGGAGGTGGAGGGTCTGAA 
 K  A  V  D  G  G  G  G  S  L  V  G  G  G  S  G  G  G  G  S  E  
------><------------------Linker------------------------------- 
AGGCATTTCGTGTACCAGTTCATGGGCGAGTGCTACTTCACCAACGGGACGCAGCGCATACGA 
 R  H  F  V  Y  Q  F  M  G  E  C  Y  F  T  N  G  T  Q  R  I  R  
--><----------------------------IAb-β-------------------------- 
TATGTGACCAGATACATCTACAACCGGGAGGAGTACGTGCGCTACGACAGCGACGTGGGCGAG 
 Y  V  T  R  Y  I  Y  N  R  E  E  Y  V  R  Y  D  S  D  V  G  E  
--------------------------------------------------------------- 
CACCGCGCGGTGACCGAGCTGGGGCGGCCAGACGCCGAGTACTGGAACAGCCAGCCGGAGATC 
 H  R  A  V  T  E  L  G  R  P  D  A  E  Y  W  N  S  Q  P  E  I  
--------------------------------------------------------------- 
CTGGAGCGAACGCGGGCCGAGCTGGACACGGTGTGCAGACACAACTACGAGGGGCCGGAGACC 
 L  E  R  T  R  A  E  L  D  T  V  C  R  H  N  Y  E  G  P  E  T  
--------------------------------------------------------------- 
CACACCTCCCTGCGGCGGCTTGAACAGCCCAATGTCGTCATCTCCCTGTCCAGGACAGAGGCC 
 H  T  S  L  R  R  L  E  Q  P  N  V  V  I  S  L  S  R  T  E  A  
--------------------------------------------------------------- 
CTCAACCACCACAACACTCTGGTCTGCTCAGTGACAGATTTCTACCCAGCCAAGATCAAAGTG 
 L  N  H  H  N  T  L  V  C  S  V  T  D  F  Y  P  A  K  I  K  V  
--------------------------------------------------------------- 
        BspeI 
CGCTGGTTCCGGAATGGCCAGGAGGAGACGGTGGGGGTCTCATCCACACAGCTTATTAGGAAT 
 R  W  F  R  N  G  Q  E  E  T  V  G  V  S  S  T  Q  L  I  R  N  
--------------------------------------------------------------- 
GGGGACTGGACCTTCCAGGTCCTGGTCATGCTGGAGATGACCCCTCGGCGGGGAGAGGTCTAC 
 G  D  W  T  F  Q  V  L  V  M  L  E  M  T  P  R  R  G  E  V  Y  
--------------------------------------------------------------- 
ACCTGTCACGTGGAGCATCCCAGCCTGAAGAGCCCCATCACTGTGGAGTGGAGGGCACAGTCT 
 T  C  H  V  E  H  P  S  L  K  S  P  I  T  V  E  W  R  A  Q  S  
--------------------------------------------------------------- 
GAGTCTGCCGGCGGACGTACGGCCCAGCTGGAGAAGGAGCTTCAGGCACTGGAGAAGGAGAAT 
 E  S  A  G  G  R  T  A  Q  L  E  K  E  L  Q  A  L  E  K  E  N  
--------><linker><---------Acid Zipper------------------------- 
GCCCAGCTGGAGTGGGAGCTTCAGGCACTGGAGAAGGAGCTGGCACAGGCTAGCGGCGGAGGT 
 A  Q  L  E  W  E  L  Q  A  L  E  K  E  L  A  Q  A  S  G  G  G  
------------------------------------------------------><Linker> 
TTCATGTTTGGTCATGTAGTTAACTTTGTAATTATATTAATTGTGATTTTATTTTTATACTGT 
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 F  M  F  G  H  V  V  N  F  V  I  I  L  I  V  I  L  F  L  Y  C  
<------------------------------gp64 Transmembrane-------------- 
       BamHI 
ATGATTAGAAACCGTAATAGACAATATTAACCAACATGCGGGGATCCG 
 M  I  R  N  R  N  R  Q  Y  *  P  T  C  G  D  P 
--------------------------> 
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B.2: BirA Tagged Ifitm3 (4274) 
  EcoRI 
AATACGGAATTCTTAGAGATGGCTCTGCAGATCCCCAGCCTCCTCCTCTTGGCTGCTGTTGTG 
                   M  A  L  Q  I  P  S  L  L  L  L  A  A  V  V  
                   <----------------------signal sequence------ 
GTGCTGACGGTGCTGAGCAGCCCCGGGACTGAGGGCTTTGTGGCCGAGATGGGCGCCCCCCAC 
 V  L  T  V  L  S  S  P  G  T  E  G  F  V  A  E  M  G  A  P  H   
-----------------------------------><-----------Ifitm3--------- 
                           SpeI 
GGCAGCGCCAGCGGAGGTGGCGGGTCACTAGTGGGCGGAGGAAGTGGAGGTGGAGGGTCTGAA 
 G  S  A  S  G  G  G  G  S  L  V  G  G  G  S  G  G  G  G  S  E  
----------->--------------Linker------------------------------- 
AGGCATTTCGTGTACCAGTTCATGGGCGAGTGCTACTTCACCAACGGGACGCAGCGCATACGA 
 R  H  F  V  Y  Q  F  M  G  E  C  Y  F  T  N  G  T  Q  R  I  R  
--><----------------------------I-Abβ-------------------------- 
TATGTGACCAGATACATCTACAACCGGGAGGAGTACGTGCGCTACGACAGCGACGTGGGCGAG 
 Y  V  T  R  Y  I  Y  N  R  E  E  Y  V  R  Y  D  S  D  V  G  E  
--------------------------------------------------------------- 
CACCGCGCGGTGACCGAGCTGGGGCGGCCAGACGCCGAGTACTGGAACAGCCAGCCGGAGATC 
 H  R  A  V  T  E  L  G  R  P  D  A  E  Y  W  N  S  Q  P  E  I  
--------------------------------------------------------------- 
CTGGAGCGAACGCGGGCCGAGCTGGACACGGTGTGCAGACACAACTACGAGGGGCCGGAGACC 
 L  E  R  T  R  A  E  L  D  T  V  C  R  H  N  Y  E  G  P  E  T  
--------------------------------------------------------------- 
CACACCTCCCTGCGGCGGCTTGAACAGCCCAATGTCGTCATCTCCCTGTCCAGGACAGAGGCC 
 H  T  S  L  R  R  L  E  Q  P  N  V  V  I  S  L  S  R  T  E  A  
--------------------------------------------------------------- 
CTCAACCACCACAACACTCTGGTCTGCTCAGTGACAGATTTCTACCCAGCCAAGATCAAAGTG 
 L  N  H  H  N  T  L  V  C  S  V  T  D  F  Y  P  A  K  I  K  V  
--------------------------------------------------------------- 
        BspeI 
CGCTGGTTCCGGAATGGCCAGGAGGAGACGGTGGGGGTCTCATCCACACAGCTTATTAGGAAT 
 R  W  F  R  N  G  Q  E  E  T  V  G  V  S  S  T  Q  L  I  R  N  
--------------------------------------------------------------- 
GGGGACTGGACCTTCCAGGTCCTGGTCATGCTGGAGATGACCCCTCGGCGGGGAGAGGTCTAC 
 G  D  W  T  F  Q  V  L  V  M  L  E  M  T  P  R  R  G  E  V  Y  
--------------------------------------------------------------- 
ACCTGTCACGTGGAGCATCCCAGCCTGAAGAGCCCCATCACTGTGGAGTGGAGGGCACAGTCT 
 T  C  H  V  E  H  P  S  L  K  S  P  I  T  V  E  W  R  A  Q  S  
--------------------------------------------------------------- 
GAGTCTGCCGGCGGACGTACGGCCCAGCTGGAGAAGGAGCTTCAGGCACTGGAGAAGGAGAAT 
 E  S  A  G  G  R  T  A  Q  L  E  K  E  L  Q  A  L  E  K  E  N  
--------><linker><---------Acid Zipper------------------------- 
GCCCAGCTGGAGTGGGAGCTTCAGGCACTGGAGAAGGAGCTGGCACAGGCTAGCGGCGGAGGA 
 A  Q  L  E  W  E  L  Q  A  L  E  K  E  L  A  Q  A  S  G  G  G  
------------------------------------------------------><Linker> 
                                                      BamHI    
CTTGGAGGAATCTTTGAGGCAATGAAGATGGAGCTGCGGGACTGAGCATGCGGGGATCCG 
 L  G  G  I  F  E  A  M  K  M  E  L  R  D  *      
<---------Bir A  Peptide------------------->           
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B.3 Library Entry Vector Construction 
 
 
 
Forward Primer: CGGGTCACTAGTGGGCGGAGGAAGT 
Reverse Primer: TTGTCTGTAAATCAACAACGCA 
 
Old Linker w/ thrombin cleavage site 
gggtcactagtgccccgaggaagt 
   G  S  L  V  P  R  G  S 
 
new linker w/o thrombin cleavage site 
gggtcactagtgggcggaggaagt 
   G  S  L  V  G  G  G  S 
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B.4 Self Peptide Region 
 
 
 
 
Self-Peptides: 
GGGACTGAGGGCTTTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGGAGGTGGCGGGTCACTAGTGCCC 
 G  T  E  G  F  X  X  X  X  X  X  X  X  X  X  X  X  G  G  G  G  S  L  V 
 
--leader---><F><--------------Peptide--------------><-------Linker---- 
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APPENDIX C 
Self Peptide Library Contents and Primers 
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Appendix C.1 Composition of Self-Peptide Library. The self-peptide number is indicated under the number 
column. Boxes around sequential numbers indicate different truncations from the same peptide. The 
predicted sequence column presents our predicted binding register of the peptide. The shaded columns 
indicated potential anchor residues. Glycines indicated in green are extension of the linker and are not 
present in WT peptide. Notes under the plasmid column indicate whether or not the plasmid for a 
construct was made. NE under the baculovirus column represents no observed expression. The relative 
expression column represents the MHC expression of the library peptide relative the expression of Eα. High 
= >0.70, Medium = 0.7-0.4, Low = 0.1-0.40, Null = <0.1. N/D indicates expression was not determined. 
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Appendix C.2 Primers used for self-peptide generation 
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Appendix D 
  
218 
 
 
  
D.1: Schematic of T cell Multimer. TCR Multimer is created by adding soluble 
TCR protein to a multimerization agent composed of biotynlated αTCR Cα 
antibody attached bound to a streptavidin bead that is conjugated to a fluorophore. 
This reagent can be used to stain MHC molecules on the surface of insect cells. 
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D.2: Schematic of TCR Multimer binding MHC on the cell surface of an 
infected insect cell during screening.  
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  D.3: Matrix Setup for screening self-peptide library. The matrix used to screen 
TCR hybrids and transfectomas for activation. Each row and each column 
represent a pool of 5 baculovirus that induce expression of the indicated self-
peptide library numbers 
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Appendix E 
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Appendix E.1: Yae62.8 staining of Mimotopes. SF9 insect cells infected with library 
baculovirus were stained with 17/227 and Yae62.8 multimer and gated on a live population based 
on SSC/FSC.  Each column indicates which mimotope is presented on the insect cell surface A 
and C) A thin gate drawn across MHCII positive cell populations to show TCR binding based on 
equivalent MHCII expression across all peptides B and D) Histogram comparing TCR MFI 
between the non-binding peptide Eα (grey) and indicated peptide within the column (white)  
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Appendix E.2: 4.B1 staining of Mimotopes. SF9 insect cells infected with library baculovirus 
were stained with 17/227 and 4.B1 multimer and gated on a live population based on SSC/FSC.  
Each column indicates which mimotope is presented on the insect cell surface A and C) A thin gate 
drawn across MHCII positive cell populations to show TCR binding based on equivalent MHCII 
expression across all peptides B and D) Histogram comparing TCR MFI between the non-binding 
peptide Eα (grey) and indicated peptide within the column (white)  
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Appendix E.3: J809.B5 staining of Mimotopes: SF9 insect cells infected with library baculovirus 
were stained with 17/227 and B5 multimer and gated on a live population based on SSC/FSC.  Each 
column indicates which mimotope is presented on the insect cell surface A and C) A thin gate drawn 
across MHCII positive cell populations to show TCR binding based on equivalent MHCII expression 
across all peptides B and D) Histogram comparing TCR MFI between the non-binding peptide Eα 
(grey) and indicated peptide within the column (white)  
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Appendix E Table 1: MFI of Mimotope staining for figures E.1-E.3: Geometric 
mean of TCR binding for gated cells at equivalent levels of MHC expression. 
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Appendix E.4: 75-55 Soluble TCR Multimer does not work: SF9 insect cells 
infected with library baculovirus were stained with 17/227 and 75-55 or Yae62.8 
multimer and sorted by flow cytometry. Cells and gated on a live population based on 
SSC/FSC. Functioning multimer should stain 3K expressing insect cells similar to 
Yae62.8 
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Appendix E.5: Additional Self Peptides That Activate Yae62.8. Additional self-
peptides that activate Yae62.8 that weren’t included in the TCR multimer screen and 
have no binding data. Activation of Yae62.8 was measured by amount of IL-2 in the 
cell culture supernatant produced by T cell hybrids upon stimulation by the indicated 
peptides. Cells were challenged with B7+ICAM+ Insect cells infected with baculovirus 
to induce expression of the indicated peptide. Bars in black indicate activation above 
background stimulation levels. 
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Appendix E.6: Library Self Peptides That Activate 75-55. Previous 75-55 
stimulations were carried out by infecting peptides in pools of 5 different 
baculovirus peptide constructs. A-C) are data collected from separate experiments 
testing individual peptides found in pools that activated these 75-55 hybrids. 
Activation of 75-55 was measured by the IL-2 in the cell culture supernatant 
produced by T cell hybrids upon stimulation by the indicated peptides. Cells were 
challenged with B7+ICAM+ Insect cells infected with baculovirus to induce 
expression of the indicated peptide. Bars shown in grey in A) indicate foreign 
peptides derived from Chlamydia muridarum.  
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Appendix E.7: 4.B1 multimer staining of Chlamydia muridarum derived 
peptide. SF9 insect cells were infected with individual baculovirus and allowed to 
express. Cells were stained with 17/227 to indicate MHC expression and 4.B1 
multimer conjugated to a fluorophore. A) A thin gating strategy to select cells 
across an equal level of MHC expression. B) Histograms comparing the MFI of 
4.B1 Multimer staining of Ea (grey) to the peptide in the column.  
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Appendix E.8: Library Self Peptides That Activate 4.A5 and 4.A6. 
Activation was measured by the IL-2 in the cell culture supernatant of T cell 
hybrids upon stimulation by the indicated peptides. Cells were challenged with 
B7+ICAM+ Insect cells infected with baculovirus to induce expression of the 
indicated peptide.  A) Experiments utilizing pools of 5 self-peptides. The 
peptide found within both 8E and 8-2 activates 4.A6, but not 4.A5. The only 
peptide both pools is MMP8. B) Experiments utilizing cells displaying the 
indicated single peptides to 4.A5 and 4.A6. Sart3 activates both receptors, but 
the other self-peptides did not. 
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Appendix F  
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Appendix F.1: 3H1 staining of Mimotopes: SF9 insect cells infected with library 
baculovirus were stained with 17/227 and 3H1 multimer and gated on a live population 
based on SSC/FSC.  Each column indicates which mimotope is presented on the insect 
cell surface A and C) A thin gate drawn across MHCII positive cell populations to show 
TCR binding based on equivalent MHCII expression across all peptides B and D) 
Histogram comparing TCR MFI between the non-binding peptide Eα (grey) and indicated 
peptide within the column (white)  
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Appendix F.2: 3H2 staining of Mimotopes: SF9 insect cells infected with library 
baculovirus were stained with 17/227 and 3H2 multimer and gated on a live population 
based on SSC/FSC.  Each column indicates which mimotope is presented on the insect 
cell surface A and C) A thin gate drawn across MHCII positive cell populations to show 
TCR binding based on equivalent MHCII expression across all peptides B and D) 
Histogram comparing TCR MFI between the non-binding peptide Eα (grey) and 
indicated peptide within the column (white)  
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Appendix F.3: 3H5 staining of Mimotopes: SF9 insect cells infected with library 
baculovirus were stained with 17/227 and 3H5 multimer and gated on a live population 
based on SSC/FSC.  Each column indicates which mimotope is presented on the insect cell 
surface A and C) A thin gate drawn across MHCII positive cell populations to show TCR 
binding based on equivalent MHCII expression across all peptides B and D) Histogram 
comparing TCR MFI between the non-binding peptide Eα (grey) and indicated peptide 
within the column (white)  
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Appendix F.4: 3H7 staining of Mimotopes: SF9 insect cells infected with 
library baculovirus were stained with 17/227 and 3H7 multimer and gated on 
a live population based on SSC/FSC.  Each column indicates which mimotope is 
presented on the insect cell surface A and C) A thin gate drawn across MHCII 
positive cell populations to show TCR binding based on equivalent MHCII 
expression across all peptides B and D) Histogram comparing TCR MFI 
between the non-binding peptide Eα (grey) and indicated peptide within the 
column (white)  
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Appendix F.5: 3H10 staining of Mimotopes: SF9 insect cells infected with library 
baculovirus were stained with 17/227 and 3H10 multimer and gated on a live 
population based on SSC/FSC.  Each column indicates which mimotope is presented on 
the insect cell surface A and C) A thin gate drawn across MHCII positive cell 
populations to show TCR binding based on equivalent MHCII expression across all 
peptides B and D) Histogram comparing TCR MFI between the non-binding peptide Eα 
(grey) and indicated peptide within the column (white)  
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3H31 
Appendix F.6: 3H31 staining of Mimotopes: SF9 insect cells infected with library 
baculovirus were stained with 17/227 and 3H31 multimer and gated on a live population 
based on SSC/FSC.  Each column indicates which mimotope is presented on the insect 
cell surface A and C) A thin gate drawn across MHCII positive cell populations to show 
TCR binding based on equivalent MHCII expression across all peptides B and D) 
Histogram comparing TCR MFI between the non-binding peptide Eα (grey) and indicated 
peptide within the column (white)  
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Appendix Table F.1: MFI of Mimotope staining for figures F.4-F.9 
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